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Aim of this PhD project 
It has been shown that an intracellular antioxidant defense system is capable of protecting cell 
components against reactive species. Redox metals like Cu and Mn are essential cofactors in the 
structure of these antioxidants and allow them to efficiently scavenge the toxic free species. 
Superoxide dismutase and catalase are two enzymes among several beneficial enzymatic 
antioxidant compounds. Under oxidative stress conditions, it has been reported that the delicate 
intracellular balance between the generation of free radical pro-oxidants and the protection 
capacity of the antioxidant defense system is disturbed causing intracellular damage to the main 
cells constituents.  
Therefore, the measurement of such significant trace metals as oxidative stress biomarkers within 
organisms is very important due to the central role redox elements play in oxidative stress. 
Furthermore, the quantification of such inorganic biological elements can open the doors to study 
the effect of exercise as an exogenous source of reactive oxygen species in humans. Physical 
activity is associated with elevated oxygen consumption resulting in an increase in free radical 
formation. Thus, a reliable and accurate method to quantitatively measure oxidative stress in 
response to exercise is needed.   
The hypothesis of this study was that those trace biological elements (Zn, Cu, Fe and Mn) can be 
biomarkers of oxidative stress present within human cells cultured under hypoxia/hyperoxia 
conditions as they are potentially affected by different applied oxygen levels. The aim was to 
measure the intracellular oxidative stress via quantitative elemental analysis of redox metals in 
single cells and cell populations under stress conditions using ICP-MS and LA-ICP-MS. This new 
approach will address the need for an alternative, accurate way to measure oxidative stress in 
humans. 
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Abstract 
Oxidative stress is imbalance between oxidant and antioxidant levels in living systems. Human cells 
are protected from reactive oxygen species by endogenous enzymatic antioxidants. Most of these 
compounds require particular redox metals in their structures as cofactors to allow them to 
scavenge the free radicals such as Cu, Zn-SOD, Mn-SOD and catalase (Fe). The aim of this study 
was to quantify these metals in human cells to evaluate their effectiveness as novel biomarkers for 
measuring oxidative stress. The metals (Zn, Cu, Fe, Mn) were measured in vitro in skeletal muscle 
cells (C2C12) which were incubated under hypoxia/hyperoxia conditions generated by varying 
oxygen level from 1%-60% for 24 and 48 hours. Two methods were used to perform the analysis. 
ICP-MS was applied to liquid samples to quantify Zn, Cu, Fe and Mn in cell populations. And LA-
ICP-MS was employed to solid samples to measure their intensity in individual cells. The data 
acquired from both techniques are positively correlated confirming the reliability of the two 
approaches. All elements of interest were successfully measured except Mn which was not 
detected in single cells using LA-ICP-MS due to the limit of detection. Interestingly, the results 
showed that their concentration increased dramatically in cells grown at 25%-60% O2, the most 
significant increase was in Cu at 60%O2. None showed any increase at 5%-15% O2 indicating 
normoxia states. At 1%O2, all elements except Fe showed a significant increase and the most 
remarkable growth was in Mn. More interestingly, increasing incubation to 48 hours for liquid 
samples had differing effects on the elements. Zn and Cu concentrations were unaffected by 
increasing incubation time except at 60%O2 where they showed further growth. In contrast, Mn 
concentration grew sharply over oxygen levels of 30%-50% with no further effect at 1%, while Fe 
concentration decreased at 1%O2 and grew steadily over oxygen levels of 5%-60%. It can be 
concluded that all four elements were significantly affected by stress conditions applied to cells, 
but at different rates. Importantly, a novel analytical method was introduced in this current study 
since there have been no previous reported investigations measuring changes in concentration of 
redox-active elements in human cells subjected to different controlled oxidative stress conditions 
in vitro.
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1 Introduction 
1.1 Introduction to oxidative stress 
Free radicals are chemical reactive species that possess one or more unpaired electrons. They are 
normally formed in living organism and most of them are oxidants. They are scavenged by 
antioxidants compounds including vitamins and enzymes [1, 2]. The formation of free radicals in 
vivo is associated with the consumption of oxygen molecule [3, 4]. Reactive oxygen species such as 
singlet oxygen, superoxide and hydroxyl radicals are produced by routine cellular metabolism. 
However, their generation is increased by certain conditions of physical and psychological stress 
like exercise leading to intracellular oxidative stress. In fact, oxidative stress is imbalance between 
oxidant and antioxidant levels in living systems [5, 6]. 
Human cells are protected from excess production of ROS by the body’s antioxidant system. This 
defense system consists of endogenous and exogenous compounds. Superoxide dismutase and 
glutathione peroxidase are two examples of endogenous enzymatic antioxidants. The exogenous 
defense compounds are primarily ingested from fruit and vegetables [3, 4]. More importantly, 
there is a balance between the production level of ROS and their removal by antioxidant system. 
The physiological function is positively or negatively affected by this important balance and it 
determines the intracellular redox state of living cells. Chronic exposure to excessive formation of 
ROS can potentially lead to a shift in the intracellular redox balance towards a more oxidant state. 
Consequently, oxidative damage of biomolecules, inflammation and many chronic diseases are 
promoted [3, 4, 7]. Oxidative stress is associated with neurodegenerative diseases [8] like 
Alzheimer’s disease [9, 10] and Parkinson disease [11], cardiovascular disease [12], diabetes, 
cancer, and other age-related diseases [13]. 
Variety of oxidative stressor can cause overproduction of free radicals. There are numerous 
exogenous sources of ROS, for example, environmental pollutants, smoking, alcohol, radiation, 
pesticide and physical activities [3, 4]. However, an acute state of oxidative stress can be 
generated by any situation in which the consumption of molecular oxygen is increased such as 
exercise. Moreover, many factors affect the formation of free radical during physical activity such 
as intensity, duration, type of exercise and the amount of oxygen consumed. Different exercise 
protocols may result in variable levels of ROS generation as the oxidative stress depends on the 
duration and the intensity of exercise.  
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The antioxidant defense system is sufficient to scavenge the excessive of ROS production during 
low intensity and duration exercise. When the intensity and duration of physical activity increase, 
the oxidative damage to surrounding tissues accordingly is elevated as the defense compounds are 
no longer adequate [4]. In addition, the degree of antioxidant defenses is influenced by other 
factors including age [14], training status and dietary ingestion [4]. Intensive exercise can lead to 
oxidative stress by all means [15].  
1.1.1 Physical activity and oxidative stress 
Regular exercise plays an essential role in human health [16]. It has been well known that a regular 
exercise can lower the deleterious influence of the modern life style and as a consequence limit 
the development of chronic diseases [17, 18]. It was reported that a daily moderated exercise 
seemed to be beneficial leading to decrease the damage in vitro in skeletal muscles. Indeed, a 
regular and moderate exercise should be practiced as it is associated with a lower metabolic rate, 
a higher activity of antioxidant defense system and thus higher protection against oxidation [19]. 
It is also associated with several physiological body adaptations. It is related to the elevated level 
of resistance (enhancement of antioxidant compounds) to oxidative stress which subsequently 
leads to health benefits and prevents the oxidative stress [18, 20, 21]. The formation of ROS during 
exercise is accompanied with upregulation of antioxidant enzymatic compounds leading to an 
improvement in intracellular status of antioxidant protection system of trained athletes [22, 23]. 
Moreover, low to moderate level of oxidants have a beneficial role within cells such as the 
regulation of gene expressions and signaling pathways [24]. Importantly, to achieve this benefit 
from exercise the appropriate exercise in terms of intensity and frequency should be determined 
[25]. 
However, intensive or moderate to long exercise is associated with oxidative cellular damage as it 
enhances the generation of ROS [16]. ROS are mainly generated from many sources during 
exercise such as the mitochondrial respiratory chain [22]. It has been shown that during intense 
exercise the oxygen is increasingly consumed, for example, the muscles oxygen consumption is 
increased as much as 100-200 times than at rest. This means that the mitochondrial respiration in 
the active muscles is noticeably increased and as a consequent this rapid respiration can enhance 
the electron leakage from the electron transfer chain leading to an increase in ROS formation. 
Indeed, ROS production is increased during or after exercise in working organs or tissues such as 
muscles [26-28] leading to a disturbance in the oxidant and antioxidant balance [20]. 
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Consequently, the level of antioxidant protection system is increased such as the increasing level 
of GPX and SOD [18, 19, 29-31]. In vitro, it has been shown that the response of human organs to 
oxidative stress by chronic or acute exercise is different depending on the type of organ and its 
level of endogenous antioxidant system [32]. 
Oxidative stress in response to exercise has been reported in numerous studies over the past 30 
years as the production of reactive oxygen species is increased by exercise of sufficient duration 
and intensity. Such formation of free radicals can cause damage to macromolecules involving DNA, 
lipids and proteins [5, 6]. And this damage has been associated with numerous pathogenesis of 
human diseases such as cancer, diabetes, cardiovascular and neurodegenerative diseases [33]. 
Numerous investigations have been carried out to assess this phenomenon including running [2], 
cycling [29] swimming [34, 35] and ball games like volley ball [18, 36] and football [37].  
Collectively, over the years, it has been shown that only high intensity or long duration exercise 
can cause a remarkable increase in ROS formation which exceeds the capacity of antioxidant 
defense system and consequently leads to oxidative stress [38-40]. The mechanism of how the 
exercise causes oxidative stress has not been understood [39]. But this phenomenon does not 
occur with a low intensity exercise as the defense system is capable to prevent the damage by 
scavenging free radicals [29]. 
1.1.2 How human cells respond to oxidative stress 
All mammalian cells need an adequate concentration of oxygen to function properly. In aerobic 
metabolism, oxygen is required to transform carbohydrates into the energy that important cellular 
processes require such as protein synthesis [41]. Briefly, there is a family of transcription factors 
called hypoxia-inducible factors (HIFs) within mammalian cells [41, 42]. Hypoxia can be defined as 
the reduction in tissue oxygen supply below normal concentrations [43]. These factors control 
when genes are transcribed. And there are two subunits of HIF-1 which are HIF-1β and HIF-1α.  
HIF-1α plays a vital role in controlling cellular responses to oxygen [41, 42]. 
Under normoxic conditions (sufficient oxygen), hydroxyl groups are added to HIF-1α by enzymes 
named prolyl hydroxylases to be recognised by another type of proteins called von Hippel–Lindau 
(VHL). These VHL proteins add a molecular tag to HIF-1α that targets it for destruction. But under 
hypoxia conditions (inadequate oxygen levels), prolyl hydroxylases cannot function. Thus, HIF-1α 
reacts with HIF-1β to form an active transcription factor which induces the expression of several 
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target genes that assist cells to endure hypoxia [41, 42]. Therefore, it has been proposed that HIF-
1α can be potentially used as an endogenous hypoxia marker as it is consistently up-regulated 
under hypoxia and rapidly degraded in the presence of oxygen [44, 45]. 
Many intracellular organelles are also involved in oxygen sensing, such as oxygen sensitive ion 
channels, the endoplasmic reticulum [42], mitochondria (the electron transport chain), and the 
NAD(P)H oxidase family of enzymes that decrease reactive oxygen species (ROS) [42, 46]. The 
mechanisms in which cells respond to hypoxia have been developed to maintain cells homeostasis 
[42]. Cells normally regulate the redox state under physiological processes and intracellular free 
radicals exist continuously at low levels [47, 48]. However, under stress conditions as mentioned 
previously in (1.1.1), the level of antioxidant protection system is increased. Consequently, 
elements that act as cofactors of antioxidant enzymes such as Fe and Cu are released from their 
binding storage proteins like ferritin and metallothionein, respectively, and transported safely by 
metallochaperones to particular protein receptors in order to participate in the cell protection 
process [49, 50] [51] [52]. 
All mammalian cells have to sense and then respond to hypoxia in order to adapt [42]. However, it 
has been reported that a hypoxia response does not influence all tissues equally. Although its 
importance has been noted in cases of both sickness and health, little has been reported about 
hypoxia responses of different cell types. In cancer, tumors grow faster as a result of a strong 
hypoxia response induced by the limited amount of oxygen deep within the tumor [41]. 
In fact, the exposure to hyperoxia can result in toxic impacts on cells depending on the duration of 
exposure and the degree of hyperoxia. Reactive oxygen species (ROS) generated under this 
oxidative stress in which cells cannot maintain their ionic equilibrium are responsible for this 
oxygen toxicity. Additionally, the sensitivity to oxygen availability can be assumed to differ 
depending on the cells defense mechanisms [53]. 
1.1.3 How hypoxia/hyperoxia affect muscle cells 
In vitro, cells are commonly grown at 21% O2 (normoxia conditions) which is the same 
concentration in air we breathe. However, the levels of oxygen within our tissues are much lower 
than its concentration in the atmosphere and they vary deeper in tissues depending on the 
distance from arterial blood vessels [54]. It is worth mentioning, in vitro, this standard condition of 
21% O2 should be considered as hyperoxic [53, 55] because oxygen pressure in human skeletal 
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muscles is about 30-40 mmHg under normoxia (21% O2) and this approximately equals to 5% O2 in 
the cell culture. Accordingly, human skeletal muscle cells should be grown at about 5%O2 to 
achieve the physiological normoxic conditions and thus oxygen levels below 5% creates hypoxic 
conditions [55].  
In fact, it has been demonstrated that low oxygen culturing environment (hypoxia) increased the 
proliferation of cells in culture and increased their lifespan by 25% compared to those grown 
under normal conditions. Further, it has been reported that cells in reduced oxygen level grow 
faster and healthier with less DNA damage and less stress response [54]. Interestingly, it has been 
shown that there are dramatic variations in gene expression profiles and phenotypic changes in 
cells cultured in these two conditions (normal and hypoxia) [56]. 
Interestingly, a study was designed to assess the effects of hypoxia (1 and 3% oxygen) on rat 
smooth muscle cell growth in vitro and compare between them and normoxia (21% O2). The rate 
of proliferation of cells exposed to 3% O2 for 72 hours increased by 42.2% compared to normoxia. 
On the contrary, cells exposed to 1% O2 for 72 hours showed a decrease in their proliferation by 
21%. This study reported that only the rate of smooth muscle cells proliferation was affected by 
severe hypoxia (1%) and accordingly decreased without any impact on the cells viability [57].  
Additionally, other investigations have revealed that many types of cells proliferate in response to 
hypoxia, with a maximal response at 3% O2 [57]. Similarly, another group investigating the 
proliferation of rat smooth muscle cells under 40 and 70% O2 (hyperoxia) reported that the 
proliferation was inhibited by these two oxygen concentrations compared to the normoxic level of 
21% [58]. 
In vivo, the hypoxia state is originally generated by environmental conditions (high altitude or 
exercise) or pathological conditions (pulmonary disease or severe anemia) [53]. Oxygen 
concentration in vivo can range from 1-13% [56]. Hypoxia can occur during exercise and skeletal 
muscle cells can adapt to deal with this condition of low oxygen availability [53]. It has been 
reported that hyperoxia (high oxygen availability) can also occur during severe-intensity exercise in 
humans and affect the muscle metabolic responses [59]. This state of low/high oxygen availability 
can be either chronic (long lasting for several days) or acute (for several hours). It has been 
demonstrated that chronic hypoxia results in a negative regulation of protein metabolism and a 
loss of muscle mass. Other investigations have reported that acute hypoxia enhances the protein 
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balance, between protein synthesis and protein breakdown, in humans and exerts a positive effect 
on muscle growth. This means that the two kinds of hypoxia regulate the skeletal muscle mass in 
two different ways. Definitely, if the acute hypoxia exposure improves protein balance within cells, 
the moderate exercise performed in conditions of low oxygen availability could be extremely 
useful. However, further investigations are needed to confirm this hypothesis [53]. 
As pointed out previously, HIF-1α can help cells to endure this reduced oxygen availability 
condition. However, in vitro, hypoxia stimulates HIF-1α more consistently than in-vivo and this is 
probably due to the high level of hypoxia applied in cell cultures (0-2% O2). In fact, it has not been 
confirmed whether HIF-1α is directly responsible for the reduction in protein synthesis detected in 
vitro [53, 55]. More importantly, mitochondria, where molecular oxygen is consumed, may be 
assumed to function under even reduced oxygen tensions than these average values in tissues. 
Consequently, the comparisons of hyperoxic impacts in vitro and in vivo are difficult particularly if 
quantitative investigations are performed [53].  
1.1.4 Mechanism of Free radical generation 
Over the last decades, free radicals induced oxidative stress has been increasingly studied due to 
their importance and attribution in more than 100 physiological pathways involving cancer and 
aging. Free radicals can attack and damage all main intracellular components due to their 
extremely reactivity. However, cells normally regulate the redox state under physiological 
processes and intracellular free radicals exist continuously at low levels. Free radicals influence on 
cells harmfully only if the rate of their formation exceed the protection capacity of the antioxidant 
system [47, 48].  
Normally, living cells generate most energy by consuming oxygen in mitochondria. Therefore, 
intercellular mitochondria is the main site of endogenous ROS production [19]. Superoxide is 
generated by the electron transfer chain from oxygen locating at the final position of the 
mitochondrial respiratory chain and accepting electrons. Importantly, under physiological 
conditions, superoxide radicals are produced in mitochondria from 1-3 or 5% of the total 
consumed oxygen molecules. Some electrons can react with oxygen after they escaped (leaked) 
from the chain and form the superoxide radical. Superoxide radical is scavenged by dismutation 
reaction accelerated by SOD as shown in the following equations [29, 49, 50, 60, 61]. 
 
7 
 
2O2
.- + 2H+      SOD  O2 + H2O2      
2 H2O2                    
CAT  2 H2O  +  O2 
The dismutation occurs very slowly without SOD. At rest, major superoxide radical is reduced by 
Mn-SOD in mitochondria and the diffused part to cytosol by Cu, Zn-SOD [29]. Hydrogen peroxide 
formed in the above equation is further converted to water by catalase or GPX [29, 60, 62]. GPX is 
more efficient with high level of ROS [24]. More importantly, under stress conditions, iron is 
released from iron binding molecules like ferritin by excess level of superoxide radicals and can 
participate in Fenton reaction producing the extremely destructive hydroxyl radical [49, 50].  In 
fact, some other redox metals can participate in Fenton reaction like Cu. The formation of 
deleterious free radicals is strongly related to the contribution of free active redox metals [50, 61]. 
The following general equations illustrate how an active redox metal takes part in generation of 
reactive species [60, 62, 63]. 
M n+   +   H2O2         M 
(n+1)+   + OH- + .OH                (Fenton reaction) 
M (n+1)+   + O2
. -                                M n+ + O2 
The balance of these two reactions is Haber-Weiss reaction [60, 62, 63]. 
H2O2  +  O2
.-           O2 + OH
-  +  .OH 
Free radicals can be removed by numerous metalloenzymes, for example, catalase, glutathione 
peroxidase and superoxide dismutase. In addition, they can be eliminated by non-enzymatic 
antioxidants such as metallothionein, uric acid, ascorbic acid and glutathione [64]. Antioxidants 
can accept or donate electron to the highly reactive species to neutralize them. They function in 
three ways: decrease their energy, prevent their formation or stop the oxidation reaction chain 
[65]. The dismutation of superoxide free radicals is catalyzed by enzymatic antioxidant SOD. SOD is 
the most essential metalloenzymes as it is in the first protection line against the oxidative damage 
to macromolecules [66].   
Due to their importance and the increasing concern on their deleterious oxidative damage, many 
analytical techniques have been developed [64]. There have been numerous investigations 
published that employed coupling techniques. Specifically, a separation technique coupled with an 
atomic spectrometric detector has been involved in several applications. This coupling is termed as 
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a speciation analysis. Different chemical forms of an analyte existing in the sample can be 
measured [67].  
1.1.5 Metal induced free radicals production 
Various important transition metals such as Fe, Cu, Zn and Mn play a central role in controlling 
many metabolic and signialng pathways [68]. They importantly affect the normal functioning of 
the cell.  Importantly, they can escape from controlling and bind to other cell components as they 
are characterized by rich coordination capability and redox properties. They bind with proteins at 
specific sites or displace other existing binding elements which eventually result in toxicity. 
Furthermore, oxidative stress is involved in this toxicity. An increasing amount of evidences 
confirm that metals are able to react with proteins and DNA leading to oxidative damage. It has 
been shown that some metals such as Fe and Cu are capable to produce reactive species and 
consequently cause oxidative damage in humans [52, 68].   
Despite the importance of metals in metabolic pathways in living organisms, they are highly toxic if 
they are present in excess such as iron [69]. Fe plays a basal role in many biological processes such 
as oxygen transportation. High concentration of iron causes chronic diseases like cancer [47]. 
More importantly, most diseases linked to Cu, Fe and Zn are initiated by mutations in the genes 
encoding for proteins that are responsible for metal transportation [70].  
Therefore, living cells have developed mechanisms in order to regulate the available amount of 
metals [47]. Metals ions present in metal containing enzymes are isolated and protected from 
other surrounding cellular constituents to avoid their deleterious effect. Thus, their tightly binding 
to proteins can reduce their toxicity. Conversely, free metal ions or loosely bound to DNA, proteins 
or lipids are very harmful [47]. Cells develop many pathways to regulate metal homeostasis but 
under stressed conditions, miss-maintenance can increase the level of free redox metals 
associated with oxidative stress [71].     
1.1.5.1 Zinc 
Human body contains about 1.5-2.5g of Zn distributed everywhere within the body and 90% of this 
total amount is contained in skeletal muscles and bones. The concentration of free intracellular Zn 
is 0.5 nM [52]. Zinc is not considered as an active redox metal under physiological conditions and is 
an important cofactor for several enzymes and proteins [72]. It has a different function from 
others cations as it protects intracellular components from the oxidative stress. It is able to 
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displace the other redox active metals from a particular site where the damage occurs to minimize 
the oxidative stress [47]. For example, it has been revealed that zinc can inhibit the toxic effect of 
Cu by displacing it from its binding sites [51]. Moreover, zinc can protect DNA from iron induced 
damage by competing for iron binding sites [47].  
Two mechanisms have been proposed for intervention in redox metal induced oxidative stress. 
The first one is called pull mechanism which implicates the use of particular metal ligands to 
remove the redox active metals from their binding sites. Push mechanism is the second 
mechanism involving pushing out the active redox metal from its binding sites by another inactive 
redox metal like zinc [47]. The removal redox metal can then be pumped out of the cells 
minimizing its bioavailability to contribute in Fenton reaction and produce hydroxyl radical [52].  
Significantly, zinc deficiency can lead to oxidative stress and subsequently cause damage to lipids, 
proteins and DNA. Inadequate Zn intake may associate with diseases like cancer as it is required in 
catalytic and structural role within proteins and enzymes like Cu-Zn, SOD. The clear relation 
between zinc deficiency and diseases is its role as antioxidant. It is believed that zinc indirectly acts 
as antioxidant as does not contribute to donation or acceptance of electron from oxidants. But it 
involves in indirect mechanisms providing it with antioxidant properties [72, 73]. Moreover, zinc 
deficiency minimizes the growth of cultured cells [74]. Cultured cells grown in low Zn containing 
media are associated with high level of oxidative stress [52].  
In contrast, excess amount of such inactive element is linked to Alzheimer disease and chronic 
kidney disease. Furthermore, the level of iron and copper are subsequently affected [74]. 
However, the elevated intracellular level of Zn must be prevented as it is a toxic. Zinc homeostasis 
is strongly regulated to avoid the accumulation of free zinc ions in cells. Free zinc ions are pumped 
out the cell into particular storage proteins or bound tightly to metallothionein. Metallothionein is 
capable to bind with 5-7g of Zinc tightly and under high oxidative stress condition Zn is released 
from this metalloprotein [52].  
1.1.5.2 Copper 
Copper plays an essential role as a cofactor in many cellular processes [47], for example, 
respiration, iron metabolism and connective tissue formation [52]. Human body contains 80 mg of 
copper. It has a toxic effect if it exists in higher level associated with diseases. Copper-containing 
functional enzymes require copper such as superoxide dismutase and caeruloplasmine. Similarly 
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to iron, copper is capable to catalyze the production of hydroxyl radical via Haber-Weiss reaction 
as the following equations show [47]. Cupric ions can be reduced by biological molecules such as 
ascorbic acid or GSH forming cuprous ions which can react with hydrogen peroxide and produce a 
destructive hydroxyl radical via Fenton reaction [49, 51, 52]. 
Cu1+ + H2O2   Cu
2+ + OH- + .OH                     Fenton reaction 
Cu2+ + O2
. -                                Cu1+ + O2 
H2O2 + O2
.-  O2 + OH
- + .OH 
Hydroxyl free radical is a destructive species and can attack intracellular DNA and cause damage 
[71]. DNA damage resulting from Cu and hydrogen peroxide can be inhibited by glutathione (GSH). 
Furthermore, Copper is capable to easily oxidize thiol groups and convert them to thiyl radicals 
[47]. 
RSH + Cu2+                    RS. + Cu+ + H+  
However, copper and iron are very important metals in living cells as the normal physiological 
process require a specific level of them. Therefore, the metals homeostasis is controlled within the 
cells [71]. Copper homeostasis is controlled by copper distribution through the body after it is 
absorbed in the digestive tract and then mainly excreted into the bile [75]. A constant transit of Cu 
between low molecular weight pool, functional proteins containing Cu and its storage sites must 
be maintained [47]. 
Specifically, copper is transported in the blood bound to albumin after absorbed from small 
intestine as mostly in cupric form. But copper taken up by the liver and stored within hepatocytes 
is bound to metallothionein [51]. Metallochaperones are required to maintain copper homeostasis 
by transporting it safely to particular proteins receptors preventing damage to the cells. 
Ceruloplasmin is an enzyme containing 80% of the blood circulating copper [52].  
This regulation can be disrupted by oxidative stress resulted from excessive amount of free active 
metals [71]. Any disruption in this controlled equilibrium in terms of metal distribution and storage 
can lead to intense imbalance within humans [74]. Importantly, high concentration of copper and 
iron is related to hemochromatosis, anemia, diabetes, cancer, cardiovascular, Wilson’s, 
Alzheimer’s [50, 71] and Parkinson’s diseases [50, 51]. Accumulation of copper, iron and zinc in 
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human brain is linked to Alzheimer pathogenesis [51, 74]. Specifically, copper accumulation in 
different tissues is related to Wilson disease [75].  
Similarly, deficiency in copper containing enzymes is linked to many diseases. It has been shown 
that copper deficiency enhances the susceptibility of cell to oxidative stress. This was explained by 
the fact in which copper deficiency can decrease the cell capability to produce the antioxidant 
enzyme SOD [49, 52]. 
1.1.5.3 Iron 
It is one of the most important transition redox metals that have been widely studied. Its amount 
within human body is 3-4 g. The remaining concentration of iron is normally stored in ferritin 
within the cell or transferrin transports it as ferric ions [47]. Ferritin is a storage protein in which 
4500 iron atoms per a molecule binding weakly with high capacity. On contrary, transferrin is iron 
transporter protein with high affinity but low capacity of 2 iron atoms in a molecule. It is an 
essential protein circulating iron through plasma and contributes to iron homeostasis. Liver is the 
main site for iron storage.  
Generally, ferritin releases iron when is required to participate in iron containing proteins. 
Therefore, free active iron is very low as it constantly transports between ferritin (intracellular 
pool) and functional proteins. In mammals, iron homeostasis must be regulated to prevent the 
potential health disturbances [52].  
However, the concentration of active redox iron is increased under physiological situation. Ferric 
ions can be reduced to ferrous in ferritin by superoxide anion and other free radicals which act as 
electron donors. Consequently, iron is released from ferritin. In contrast to donor species, 
hydrogen peroxide and other lipid peroxides can release iron from iron containing proteins by 
oxidizing it. It is clear that the cell must regulate the level of superoxide anion and peroxides to 
prevent metal release induced free radicals generation [47, 49]. The reaction which illustrates the 
formation of free radicals and called Haber-Weiss reaction is shown below: 
Fe2+ + H2O2   Fe
3+ + OH- + .OH                (Fenton reaction) 
Fe3+ + O2
. -                                Fe2+ + O2 
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The sum of the above reaction is Haber-Weiss reaction. 
H2O2 + O2
.- O2 + OH
- + .OH 
Moreover, it is believed that iron takes part in cancer disease as it catalyzes the formation of free 
radicals which consequently involve in tumor formation [8, 47, 60]. Other redox metals such as Cu 
and Mn can catalyze such kind of reaction and generate highly reactive hydroxyl radical. Fenton 
reaction is believed to contribute in free radicals production in vivo as a result of toxic influence of 
metals [8, 47]. Interestingly, iron overload is associated with significant alteration in cell structure 
and function resulting in free radical mediated damage. Primarily, iron must be shielded from 
oxygen and surrounding components to prevent iron induced oxidative stress. Free active iron can 
participate in one electron transfer chains causing destructive free radical production [52].  
It has been confirmed that under aerobic condition ferrous iron can react with molecular oxygen 
producing superoxide radical which is not very reactive and cannot attack DNA. Two superoxide 
radicals can react together in a reaction catalyzed by SOD forming hydrogen peroxide which is 
capable to react further with ferrous iron. It has been suggested that the oxidation of 
biomolecules like ascorbate is initiated by trace level of transition metals like ferric iron which is 
subsequently reduced to ferrous iron. Finalizing, the redox state of cell is significantly related to 
iron and strictly maintained in order to prevent the formation of free intracellular iron. It has been 
reported that under stress condition excessive level of superoxide can release iron from iron 
binding molecules like ferritin [52].  
1.1.5.4 Manganese 
Mn is an important biological element involved in many cellular metabolisms [76]. It has an 
essential role in cellular adaptation to oxidative stress due to its high reduction potential. This 
metal can safely act as a cofactor for superoxide dismutase enzymes. Manganese containing 
antioxidants can effectively protect proteins from oxidative damage. Moreover, manganese can 
increase the cellular resistance against oxidative stress by substituting as a cofactor for iron in 
particular enzymes subjected to oxidative damage [77, 78]. However, high level of this element is 
associated with pathogenesis of a deleterious disease which causes damage to lung and the 
central nervous system [76].    
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1.1.6 Examples of current biomarkers of exercise-induced oxidative stress 
The oxidative damage can be measured by biological biomarkers in which their structures are 
harmfully affected by ROS and accordingly changed. Recently, analytical assays used to assess the 
intracellular oxidative damage have been rapidly developed. Such methods rely on relatively 
stable biological compounds as follows [24, 33].  
1.1.6.1 Measurement of free radicals 
Free radicals can negatively effect on biomolecules such as proteins, lipids and DNA. Reactive 
oxygen species have a short half-life resulting from their highly reactive nature (less than 1 ns). 
The application of spectroscopic method is not the most suitable on humans as the materials used 
in this process are toxic. The measurement is performed by processing blood samples and finally 
the serum is analysed spectroscopically [13, 15, 21, 64, 79].  
1.1.6.2 Measurement of oxidative damage on lipids, proteins and DNA 
1.1.6.2.1. Lipids peroxidation 
Oxidative stress can be examined by measuring the level of lipid peroxidation in the cell 
membrane. Lipids molecules decompose into primary oxidative products such as conjugated 
dienes [15, 80] and secondary products such as malondialdehyde (MDA) [1, 13, 15-17, 33, 81] and 
F2-isoprostane [82]. 
It has been thought that the high level of MDA in many diseases is linked to free radical species 
damage. Thus, this biomarker has been widely measured to evaluate the lipid peroxidation in 
humans. Unfortunately, there is a limitation in using MDA as a biomarker because it is formed in 
foods and then absorbed by gastrointestinal tract resulting in changing of the background value in 
vivo [33].  Malondialdehyde is frequently quantified by its reaction with thiobarbituric acid and 
using spectrophotometrically at 532 nm [15, 22, 33, 64, 80]. However, this method is imprecise as 
thiobarbituric acid can react with many other substances such as amino acids and carbohydrates 
leading to errors in measurement. Additionally, there is another source of variability which is due 
to the potential oxidation of the acid during the sample handling [33]. Alternatively, many 
chromatographic techniques have been developed to measure MDA such as GC-MS [83], HPLC-
UV/VIS [84] and HPCE [85]. 
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Recently, F2-isoprostanes serve as a reliable method to quantify oxidative damage on lipids [13, 
33, 64, 86-95]. Isoprostanes F2α are 64 isomers compounds to cyclooxygenase-derived PGF2α. They 
have been the most particular biomarkers of lipid peroxidation. They have been measured in 
numerous biological samples, for example, blood, plasma, urine, exhaled breath condensate, bile, 
seminal fluid and tissues [33, 90]. Importantly, many diseases are associated with the high level of 
such compounds in urine and serum. Thus, their discovery is beneficial for humans as oxidative 
stress status in vivo. They can be reliably assessed. However, these biomarkers are the most 
complicated to be measured. Analytical assays of MDA and IsoPs require intensive procedures 
involving sample preparation in terms of purification and extraction [90]. In addition, some 
considerations should be taken during sample preparation to avoid interferences in IsoPs analysis. 
Plasma and tissue samples need immediate freezing at -800C to avoid the autooxidation of 
samples but urine is more stable as the concentration of IsoPs remains unchanging at room 
temperature for many days or at -200C for six months [33]. Recently, several methods have been 
developed for determination of IsoPs such as gas or liquid chromatography linked to mass 
spectrometry [90, 96, 97].  
Moreover, the analysis of hexane, ethane and pentane in exhaled air is a non-invasive method to 
measure oxidative stress on lipids. The three alkanes can be produced from another source rather 
than oxidation and subsequently this method is insufficiently precise [15]. 
1.1.6.2.2 Proteins modification 
Oxidative damage on proteins results in generation of carbonyl groups at spots in chains. Thus, the 
increase in number of carbonyl is a result of oxidative stress. Determination of carbonyl groups is 
the method most widely used for measuring the oxidative damage on proteins [1, 13, 15, 16, 33, 
64]. Proteins lose their functional and structural efficiency as a result of oxidative damage. The 
importance of measuring carbonyl groups as a biomarker is their elevated stability and relatively 
early production during oxidative stress [33]. Many techniques have been developed to analyse 
carbonyl groups, for example, spectrophotometric [98] and enzyme-linked immunosorbent assay 
(ELISA) methods [33]. However, analytical assays of protein carbonyls require intensive sample 
preparations and the samples should be carefully handled and stored [33].  
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1.1.6.2.3 DNA modification 
There are many kinds of DNA modifications resulted from the attack of free radicals to DNA 
molecules such as protein bonds damage and chain breaks. Many methods have been carried out 
to determine this damage. The quantification of nucleotide 8-hydroxy-2-deoxyguanosine (8-
OHdG), which is the product of guanine oxidation, as a biomarker is the most frequently method 
to measure DNA modification induced by free radicals [13, 15, 16, 33, 64, 81, 99-108]. The DNA 
damage is frequently caused by hydroxyl radical. This damage is repaired by specific enzymes and 
bases are directly expelled into urine.  
Several analytical methods have been developed to measure DNA oxidative damage including GC-
MS and HPLC with electrochemical detection [13, 33, 106]. However, there is a variable in the 
background level of 8-OHdG in samples and this variability relies on the technique applied. It is 
very important to decrease the artifactual oxidation of the base during DNA extraction and 
derivatisation in order to avoid overestimated baseline level induced by the damage [13, 33]. The 
evaluation of DNA damage is important in investigations involving human chronic diseases such as 
cardiovascular disease, diabetes, neurological disorders and cancer [33]. 
1.1.6.3 Measurement of antioxidants 
The activity of enzymatic antioxidants, for example, superoxide dismutase [15, 17, 22, 65, 80, 109-
111], catalase [1, 15, 65, 112, 113] and glutathione peroxidase [15, 65, 80], has been widely 
quantified in many investigations. This method is used to evaluate the antioxidant system at rest 
as well as after the physical activity [15]. There have been many continuously oxidizing agents the 
living cells are exposed to. Thus, human antioxidant system possesses the capability to minimize 
the effect of such agents. The concentration of these antioxidant compounds relies on their 
formation and consumption during oxidative stress [114]. 
There are three isomers of superoxide dismutase enzyme. Mn-SOD is located in mitochondrial 
matrix and Cu, Zn-SOD located in the cytosol and the mitochondrial intermembrane space. Copper 
and zinc are also required for the third type of SOD which is located in extracellular space [24]. 
Specifically, in skeletal muscle, 15–35% of the total SOD activity within the mitochondria, and the 
remaining 65–85% is in the cytosol [24].  
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It is essential to measure SOD in human tissues particularly patients with diseases promoted from 
insufficient quality of antioxidants. The deficiency of this enzyme can induce the accumulation of 
superoxide radical [114].  
Cu, Zn-SOD catalyzes the conversion of superoxide radical into oxygen and hydrogen peroxide 
radicals, which are decayed by catalase and glutathione peroxidase. Copper ion has the role to 
dismutase the radical whereas zinc ion is responsible for the structural function [111]. Indeed, 
quantification of SOD can reveal the amount of free radicals formed. There are numerous methods 
to measure this antioxidant enzyme [115-117], for example, spectrophotometric [118], 
electrochemical and polarographic techniques [114, 119].    
Unfortunately, some studies have reported that endurance exercise does not affect or increase 
the activity of SOD in muscle. In contrast, most researchers have indicated that the activity of SOD 
has been increased (20-122%) by endurance exercise in muscles. This variation in findings is due to 
the sensitivity of the techniques used to measure the differences in SOD activity. Additionally, it 
depends on the intensity and duration of exercise as the more strenuous exercise results in 
significant increase in SOD activity [24].  
It has been identified that there are five kinds of selenium containing GPX enzymes. Their function 
is to accelerate the reduction of hydrogen peroxide to water by converting the reduced form of 
glutathione (GSH) to the oxidised form of glutathione disulfide (GSSG). It is very important 
antioxidant compound against ROS damage to intracellular macromolecules. Identical to SOD, 
numerous studies have demonstrated that endurance exercise can lead to increase the activity of 
GPX in muscles by 20-177% and this increase depends on the intensity and duration of exercise 
[24].      
Thiol protein GSH and its oxidised form GSSH have been used to measure the oxidative stress as 
GSH is the most essential protein in humans [15, 16, 20, 112, 120]. It has a significant ability to 
protect the cell against oxidative stress and maintain its redox state by trapping radicals and 
minimize the formation of peroxides [52]. Glutathione has a significant role in intracellular copper 
metabolism and suppression of copper toxicity. It directly chelates copper and keeping it away 
from participating in redox cycle [49]. 
Additionally, non-enzymatic antioxidant vitamins such as A, C and E have been commonly 
quantified in order to assess the quality of antioxidant defense system and vitamins deficiency 
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[29]. Similarly to enzymatic antioxidant, the amount of antioxidant vitamins is varied as a result of 
oxidative stress. This change in the concentration of vitamins can be subsequently used as indirect 
biomarker to assess the oxidative damage [15]. For example, it has been shown that vitamin E can 
defend against copper that causes oxidative stress [49-51]. 
Also, Uric acid, which is non-enzymatic antioxidant [121], can be determined to examine the 
oxidation but it lacks of reliability. Finally, the total antioxidant capacity (TAC) has been quantified 
in many studies to evaluate all antioxidants compounds [15, 65, 112, 121]. 
1.1.7 Measurement of redox elements in muscle cells as oxidative stress biomarkers 
Unfortunately, none of those biomarkers mentioned above is sufficient to discover the potential 
role of oxidative stress involved in pathogenic mechanism of human diseases [24, 33]. There are 
no ideal biomarkers and optimal methods but some biomarkers are more reliable and stable 
during the analysis than others [33]. 
The levels of biomarkers should not be different under the same conditions at variable time in 
humans. Also, they should maintain their composition on storage and not be lost during sample 
preparation. Nevertheless, there might be a variable response of the biomarkers to different 
macromolecules between humans and even in the same subject. Additionally, the biomarkers may 
not represent the extent of this oxidative damage. Consequently, the selection of appropriate 
biomarkers should depend on the study aim. Careful consideration is necessary for even the most 
developed biomarkers prior to applying them to human research [33, 122].  
Surprisingly, some investigations have failed to prove exercise induced oxidative stress [123]. It 
has been suggested that there might be several reasons for these findings. For example, the 
variability in subjects; their gender, age and physical condition may all influence study results. 
Furthermore, a wide variety of exercise protocols (type, intensity and duration) have been used 
resulting in variation in results [40]. Several biomarkers’ level used in the studies may not change 
and reach their maximum magnitude during or immediately after exercise. They may need hours 
or days to rise to a noticeable level to be measured [39]. More importantly, some studies have 
been carried out on trained endurance athletes who are adapted to exercise influence [29]. This 
variation in detection may explain the contradictory results within the literature [4]. The results 
have been conflicting regarding the influence of exercise on selected biomarkers [37, 124].  
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In addition, analytical methods applied for their measurement should be chemically robust, 
repeatable and with high sensitivity and low detection limit to compare between reference and 
changed values in living organisms. It is highly beneficial to identify an ideal biomarker as well as 
an optimal method to assess oxidative stress. It greatly helps in predicting the progression of 
diseases and the therapy required to prevent the damage. Therefore, the availability of a reliable 
non-invasive biomarker to measure oxidative stress in response to exercise in vivo is the ultimate 
challenge in the biological field [94].   
Consequently, a reliable biomarker, an accurate method and a sensitive technique are required to 
measure oxidative stress in human cells. Trace biological elements like Zn, Cu, Mn and Fe can be 
used as oxidative stress markers due to their important role as cofactors of the antioxidant 
enzymes. Cu, Zn-superoxide dismutase and (Fe) catalase are two examples of the most important 
enzymatic antioxidants that protect the human cells against the intracellular oxidative stress. Their 
concentration relies on their formation and consumption during oxidative stress resulting in an 
increase/decrease in their corresponding cofactors’ level [114]. 
Currently, several analytical techniques have been developed for qualitative and quantitative 
study of metals in biological systems [74]. A precise and reproducible quantitative analysis of Zn, 
Cu and Fe in mammalian cells in culture or from tissues is very important in order to determine the 
effect of such elements on physiological process and pathology of diseases. Therefore, an accurate 
method and a sensitive technique must be selected for a successful biological study. ICP-MS is one 
of the most commonly used techniques for such purpose because of its high sensitivity and a low 
amount of sample is required [74].  
The beneficial properties of ICP-MS open the doors to use this powerful technique to measure the 
most important biological elements. However, at worst, some metallocompounds are difficult to 
be measured due to the weakness of metal coordination with biomolecules which leads to loss of 
such metals during analysis. At best, some other elements like sulfur and phosphorous which are 
covalently bound to proteins allow the analysis to be safely performed without releasing such 
bioelements [125]. However, such elements are not efficiently ionized in ICP due to their high 
ionization energy [126] and in any case, would not provide a useful measure of anti-oxidant 
enzymes.  
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1.2 Introduction to Mass Spectrometry 
Mass spectrometry is a powerful technique used for quantification of known substances, 
identification of unknown compounds and for explanation the chemical structure and properties 
of molecules. It is based on the generation of gas-phase analyte ions, the separation of these ions 
according to their mass to charge ratio (m/z) and the detection of these ions. Therefore, the mass 
spectrometer consists of three major components: 
 Ion source: several types of ionisation sources presently exist to generate gaseous ions. 
 Mass analyser: there are many types of mass analyser for resolving the ions into their 
distinctive mass components. 
 Detector: to detect the ions and measure their abundance by converting them into 
electrical signals which are then transmitted to a computer. 
The internal energy transferred to the analyte to be ionized and the physical/chemical properties 
of the analyte are the most important considerations in ionisation techniques. Some ion sources 
are very energetic resulting in extensive fragmentation such as electron ionisation (EI) which is 
suitable for gas phase ionisation and is used for thermally stable volatile analytes. On the other 
hand, molecules of compounds that do not have sufficient vapour pressure should be directly 
extracted from the condensed to the gas phase. There are two kinds of these ion sources: liquid-
phase and solid state ion sources. In liquid-phase source, the analyte which is in solution is 
introduced into the ion source by nebulizers at atmospheric pressure to generate ions. These 
resulting ions are then extracted through a vacuum interface and focused into the mass analyser 
which operates at high vacuum. Inductively coupled plasma when used for solution analysis 
belongs to this type of ionisation source. In solid-state source, energetic particles or photons are 
used to irradiate the analyte which is in involatile deposit. The released ions are then extracted by 
an electrical field and focused into the analyser. Matrix-assisted laser desorption and secondary 
ion mass spectrometry correspond to this type [127-129]. 
After ions are formed in the ionisation source they are accelerated into the mass analyzer by an 
electric field where they are separated according to their mass to charge ratio. Static or dynamic 
electric and magnetic fields are employed in all mass analysers and they can be alone or 
combined. Most of the mass analysers may be used as stand-alone systems.  Alternatively, they 
may be combined with others different analysers to increase the versatility and permit multiple 
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experiments to be carried out. The selection of a mass analyser required for an application mainly 
depends on many characteristics which are: resolution, mass range, scan rate, transmission, 
detection limits and mass accuracy. The three common mass analysers for elemental analysis are 
the quadrupole, the time of flight and the double focusing sector field. Each type has its 
advantages and limitations that will be discussed later in this chapter [127-129].  
Once the ions are separated by the analyser they are detected and converted into an electrical 
signal by an ion detector. A wide variety of ion detectors are available. The selection of detector is 
based on the design of the instruments and the applications that will be carried out. A 
conventional electronic amplifier is often required to obtain a usable signal because the number of 
ions leaving the mass analyser at a certain instant is mostly small. Ion detectors can be classified 
into two categories. Some of them are designed to count ions of a single mass at a time. Hence, 
they are able to detect all coming ions sequentially at one point (point ion collectors). The other 
class is capable to count several masses and detect all coming ions simultaneously (array 
collectors). Currently, the electron multiplier detector is the most widely used. It is applied in 
combination with quadrupole and sector instruments. However, they have short lifetime (1-2 
years). They are based on the frequent emissions of secondary electrons that are released from 
the frequent collisions of energetic particles at an appropriate surface. Generally, a detector is 
selected for its speed, dynamic range, gain and geometry [127-129]. 
1.2.1 The inductively coupled plasma – Mass spectrometry 
Inductively coupled plasma-mass spectrometry is a powerful technique for analyzing trace 
elements in biological samples. It can quantitatively measure the total amount of the particular 
element of interest. The advantages of employing plasma compared to other ionization sources 
are that the ionization process takes place in a chemically inert environment, ionization is more 
efficient and preventing oxide formation. Furthermore, the temperature of the torch is relatively 
uniform. Linear calibration curves can be obtained over many orders of magnitude for ionization 
method. The mechanisms of analysis using ICP-MS can be divided into four stages; sample 
introduction, plasma torch, interface region and MS, which are discussed in further details in the 
following paragraphs [129-137]. The schematic set-up of the ICP with mass spectrometric 
detection is shown in figure (1). 
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Figure 1: The schematic set-up of ICP-MS showing the four stages; sample introduction, ionization in plasma torch, 
interface region and MS [135]. 
1.2.1.1 Sample introduction systems 
The introduction of samples depends on the physical characteristics of the sample. Thus, there are 
various different ways in which the sample can be introduced to the torch and they all have the 
same objective to introduce the sample of interest into the plasma in a gaseous or aerosol form.  
Sample nebulization is required for liquid samples requiring ICP-MS analysis. The liquid sample is 
transferred into the nebulizer via a peristaltic pump. A small amount of aerosol formed is swept 
into the torch via argon gas flow while most of the sample is wasted to the drain after condensing 
on the internal wall of the nebulizer. 
Laser ablation and electrothermal vaporization are two common techniques widely used to 
introduce solid samples into the plasma torch. Electrical current is used by an electrothermal 
vaporizer to evaporate a solid sample before it is swept by argon gas into the ICP torch. Laser 
ablation system is discussed in further details later in this chapter. 
When separation methods are connected to the ICP such as gas and liquid chromatography the 
eluents formed after column separation can be either directly swept into the torch or after being 
nebulized in LC depending on the phase of samples being separated [129-131, 138].  
1.2.1.2 The inductively coupled plasma 
The ICP torch consists of a copper induction coil wrapped around a concentric quartz structure. 
Power is provided by a radio-frequency (RF) generator to the RF coil at oscillating frequencies. 
Plasma forms when the flowing argon gas throughout the quartz torch is seeded with a spark 
forming ions. The electrons and cations generated from the ionization accelerate towards the RF 
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coil. During the acceleration, they collide with other argon molecules generating high 
temperatures of about 6000oC which remains constant during the analysis.  
Aerosol formed by the nebulizer is introduced into this high constant temperature of the torch to 
get ionized after being dried and atomized. After that, the created ions travel along the torch to 
reach the interface region as shown in figure (2) [129, 131, 133, 134]. 
 
Figure 2: (A) Shows the basic configuration of the ICP Torch and the formation of ions and (B) Shows the interface region 
in ICP-mass spectrometers [133]. 
1.2.1.3 The interface region 
Generally speaking, the interface portion of the instrument allows the ICP and MS to be 
connected. There are two steps of pressure reduction that permit the ionic gas to enter the MS 
which works at very low pressure. A sampler cone is the first component that the sample reaches 
after being ionized. This cone which is cooled by water and has a small orifice (typically 1.0 mm 
diameter) allows for the hot plasma gas to enter a depressurizing chamber. Rapid cooling and 
expansion of the gas take place in this chamber. The second component is a skimmer cone in 
which a fraction of the gas can pass through before it enters another chamber which is maintained 
at a vacuum of that of the MS. This interface region in which the pressure is reduced allows the 
ionic gas to enter the MS at certain temperature and pressure [131, 133, 134]. The basic 
components of this interface region are shown in figure (2). 
1.2.1.4 The mass analyser 
The formed ions are then accelerated into the mass analyser region by an electric field after 
passing the two cones mentioned above. Generally, the positively charged ions are analysed in the 
mass analyser based on their mass to charge ratio. The resolution of a mass analyser is defined as 
the capability of this analyser to distinguish between ions of different mass-to-charge ratios, which 
A 
B 
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can be stated as R= m/Δm, where m is the nominal mass of the first peak and Δm is the mass 
difference between two adjacent peaks being resolved. Therefore, greater resolution corresponds 
directly to the increased ability to differentiate ions. There are three main mass analysers which 
are explained in further details in the following paragraphs [129, 131]. 
1.2.1.4.1 Quadrupole mass analyser 
In atomic mass spectrometry, the quadrupole analyser is the most common analyser employed in 
mass spectrometers. Generally, these analyzers separate ions relative to their m/z ratios by using 
the stability of the trajectories in oscillating electric fields. It consists of four parallel cylindrical 
rods that work as electrodes. These rods are normally 15-20 cm in length and 1 cm in diameter. 
Either a positive or negative direct current (DC) potential is applied to each pair of the opposite 
rods. An alternating current (AC) potential in the radiofrequency (RF) region is superimposed.  To 
scan the mass spectrum, ac and dc voltage are increased simultaneously with a constant ratio. 
Consequently, the ions are accelerated in the space between the poles by a potential of 5 to 10 V. 
Only the ions of a certain m/z, mass to charge, are constantly passed through the poles to reach 
the detector. Oppositely, ions with unstable path do not travel through due to their infinite 
amplitude of oscillation. This analyser acts as a mass filter allowing only ions that have particular 
m/z to travel and reach the transducer one after another. 
Typically, the quadrupole is classified as continuous analyzers in which a single m/z can selectively 
be transported to the detector and the mass spectrum is achieved by scanning the analyzer. 
Different mass to charge ratio are then detected. Ions with other different m/z ratio are lost. 
Quadrupole analyzers offer many major advantages that make them the most common 
spectrometers in existence today. They are relatively low cost and small instruments with fast scan 
rate and high transmission efficiency. However, they have a limited resolution compared to sector 
field analyzers. In general, quadrupole analyzer is principally applied for rapid, precise and 
accurate trace elemental measurements in solid and liquid samples [129, 131, 133, 134]. Its 
structure is explained in figure (3).  
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Figure 3: Schematic view of typical hardware components of an ICP-Q-MS for solution mode sample introduction. 
http://www.jsg.utexas.edu/icp-ms/icp-ms/.  
Generally, mass interferences on a particular m/z ratio can take place in cooler parts of the plasma 
during the elemental analysis. Isobars (e.g. 204Hg, 204Pb), polyatomic/molecular species (40Ar16O vs. 
56Fe) and doubly charged species (e.g., 138Ba2+ vs. 69Ga+) are possibly formed in the plasma and it is 
essential to eliminate or reduce them for quantitative elemental analysis. There are many various 
effective ways to eliminate or considerably reduce these mass interferences in all modern 
quadrupole instruments. Optimization of plasma characteristics, selection of alternative 
uninterfered isotopes and collision/reaction cell are all substantial approaches to remove the 
interferences. In collision-reaction cell technology, there is a cell located before the analyzer as 
shown in figure (3) where the ion beam is passed and then pressurized with either an inert 
collision gas (e.g. He) or an active gas (e.g. H2) to remove/reduce the interferences by kinetic 
energy discrimination or chemical reaction. Larger polyatomics do not pass through the cell by 
either undergoing more energy losing collisions or interacting with a gas to produce new species 
that have m/z different from that of the analyte of interest [139, 140].  
In the collision mode, the analyte and polyatomic interferences collide with the inert gas atoms 
resulting in losing some of their kinetic energy. In fact, the polyatomic ions can undergo more 
collisions as they have a bigger collision cross section area than the monatomic ions. 
Consequently, they lose a lot more kinetic energy than the analyte ions and can be then filtered 
out by setting a voltage barrier between the collision cell and the quadrupole analyzer to remove 
the interferences. Ions with lower energy cannot overcome the potential barrier and are thus 
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unable to pass into the analyser. For example, Fe56 has a polyatomic interference with Ar40O16. 
They both enter the cell with the same kinetic energy and collide with helium gas. However, the 
molecular ion (Ar40O16) undergoes more frequent collisions with helium gas due to its larger 
collision cross section area leading to a significant reduction in its kinetic energy. Consequently, it 
is prevented from passing into the analyzing quadrupole [141-143]. 
However, this kinetic energy discrimination mode is not helpful in some situations where there is 
an isobaric interference. This kind of interferences is due to an isotope of another element that 
has the same mass as the analyte. For example, Zn64, which is the most abundant isotope with an 
accurate mass of 63.92915, has an isobaric interference with Ni (63.92797). As a result, the 
collision mode has the same impact on both isotopes because they have the same kinetic energy 
and collision cross section area leading to no improvement in the signal to interference ratio. 
Therefore, a reactive gas in the cell can be used to specifically react with the interfering isotope 
with no further effect on the analyte of interest [141-143]. 
1.2.1.4.2 Sector field mass analyser 
A magnetic field is employed to separate the ions of different mass and charge in magnetic sector 
analyzers. Ions are accelerated through a flight tube. The charge of moving ions is deflected when 
they enter the magnetic field to a circular motion of a unique radius in a direction perpendicular to 
the magnetic field applied. Theoretically, there are two forces applied on the charging ions moving 
in the magnetic field which are the centripetal force and the force due to the magnetic field. 
Therefore, all similar ions travelling along the magnetic field deviate from their initial path 
following a curved trajectory by keeping the radius of the magnetic sector constant and changing 
the field strength. Whereas, ions that are of different m/z ratio will not pass through the exit slit of 
the analyzer to reach the detector as they follow different angles of curvature. Importantly, this 
type of mass analyzers is used for mass focusing. It is dispersive relative to ions energy and mass.  
Similar to the magnetic sector analyzer, ions are separated while in flight in electrostatic sector 
mass analyzers. However, an electric filed is employed to deviate and then focus the ions with the 
same kinetic energy. The force on the ion generated by the electric field is equal to the centripetal 
force on the ion. Consequently, the ions that have different kinetic energy from that of the ions of 
interest are dispersed. Accordingly, this type of analyzer is energy focusing. When the two 
techniques of magnetic and electrostatic are used together in analyzers then instruments are 
called double focusing. In fact, ions possessing the same mass can differ in their kinetic energy 
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leading to be deviated with different angles of trajectory in the magnetic mass sector. This results 
in peak broadening and poor resolution. Therefore, another focusing sector is required to use in 
conjunction with the magnetic one, the electrostatic sector, which acts as an energy filter. The 
employment of these two techniques results in focusing fast moving beam of ions according to 
their kinetic energy permitting each m/z value to be sharply and selectively focused before being 
deflected in the magnetic field. Subsequently, this combination of the two discriminators improves 
the resolution of the type of analyzers [129, 131, 133].     
1.2.1.4.3 Time of flight mass analyser 
Ions generated from the ions source are separated in time as they pass through a flight tube. 
Magnetic field is not required for this type of analyzers. It is a very simple analyzer using fixed 
voltages to separate ions. Importantly, these analyzers have fast scan rate, high transmission 
efficiency and very low detection limit. However, the significant limitation of this type of 
instruments is their poor mass resolution.  
An electric field is applied to accelerate ions into a flight tube. All ions have the same kinetic 
energy because they are all accelerated across the same length by applying the same force. Thus, 
ions with lighter mass travel faster than others along the tube and reach the detector sooner, 
which is located at the end of the flight tube, since the velocity of ions depends on the mass for a 
particular kinetic energy [129, 139].  
1.2.1.5 The detector 
Once the moving ions are separated by the mass analyzer they are counted by the detector. The 
fundamental purpose of the detector is to translate the number of incident ions into an electrical 
signal that can be then measured. The magnitude of this signal is proportional to the number of 
analyte ions. Different types of ions detectors are used. The selection of detector relies on the 
design of the instrument and the analytical applications. The most commonly applied ions 
detector is an electron multiplier. The mass spectrometer used to perform the laser ablation work 
that will be discussed further in chapters 3 and 4 houses two types of detectors, a Faraday cup and 
a Secondary Electron Multiplier. Thus, only these two detectors are described here. 
Electron multiplier detector consists of a series (21-24) of Al2O3 dynodes positioned at ever 
increasing potentials. Most of detectors apply a high negative voltage to attract positively charged 
ions. Secondary electrons are emitted when incidents ions hit the active surface of the first 
27 
 
dynode. Actually, more secondary electrons are released when the generated electrons are 
attracted to strike the next dynodes which are maintained at higher potential. As the process 
continues even more electrons are generated, a cascade of electrons, resulting in as many as 108 
electrons at the end of the tube after one ion hits the first dynode, amplifying the signal. 
Therefore, these detectors are consumable depending on usage as the active film coating is used 
up by converting the ions to electrons. Essentially, these detectors are based on the kinetic energy 
transfer of the striking ions by collision with the active film coating to release secondary electrons. 
These kinds of detectors are employed with quadrupole and sector instruments. They are 
expensive and light sensitive as most of them are as sensitive to photons as they are to ions. 
Faraday cup detector is based on the measurement of direct charge current that is generated 
when an ion strikes the metal plate of the detector and then neutralized. The current is directly 
proportional to the number of striking ions. This type of detector consists of a metal cup with a 
small orifice that is connected to ground via a resistor. The discharge current is amplified and 
detected after being generated through the resistor as a result of ions neutralization. Faraday cup 
detectors are very precise as the charge on the metal cup is independent of the mass and the 
energy of the detected ions. However, they are characterized by their low sensitivity and slow 
response time [129, 131].        
1.3 Introduction to laser ablation 
Laser Ablation Inductively Coupled Plasma is a powerful technique used to perform highly 
sensitive elemental and isotopic analysis directly on solid samples without any sample 
preparation. It is counted as a direct surface analysis of solid samples when coupled with ICP-MS. 
A laser beam is focused on the surface of solid samples to generate fine particles which are then 
transported by a carrier gas to an excitation source of ICP for ionization similarly to any liquid 
sample aerosol. After that, the beam of excited ions is introduced to the mass spectrometer to get 
separated and finally detected as mentioned previously in 1.2 [70]. The basic configuration is 
shown below in figure (4). 
The technique does not require a complex vacuum system as the analysis can be performed in the 
air. More importantly, it is very fast detection with the limit approaching ppb level. Any type of 
solid samples can be ablated with no sample-size requirements and no sample preparation 
procedures [74, 144-150]. On the other hand, since this technique was applied for solid sample 
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analysis by Gray in 1985, calibration and fractionation are the most challenging issues with this 
non-destructive technology. In absence of matrix-matched standards, fractionation becomes a 
limitation during laser ablation sampling. Fractionation is where the relative abundance of the 
masses detected does not match their actual relative abundances in the sample. More 
importantly, fractionation affects the accuracy of the chemical analysis since the ablated mass 
composition is somehow different from the actual sample composition.  
 
Figure 4: Basic configuration of LA-ICP-MS [75]. 
1.3.1 The laser source 
Several types of pulsed laser, a laser that emits short bursts of energy at fixed intervals rather than 
a continuous stream of energy, have been employed for ablation process. From the time laser 
ablation technology was introduced for chemical analysis, Ruby lasers were utilized to ablate solid 
materials. Presently, solid state Nd:YAG or excimer lasers have been widely used in most laser 
ablation investigations because they are relatively cheap with less maintenance. Nd:YAG is a laser 
whose active medium is a crystal of yttrium, aluminum, and garnet doped with neodymium ions. 
Excimer lasers, which are in the ultraviolet spectrum, have chambers filled with rare gas halides 
rather than solid-state crystals.  
Considerably, the wavelength of the laser influences the ablation process. The short wavelength is 
preferable since it results in high ablation rate and low fractionation mentioned above in 1.3. The 
fundamental wavelength of Nd:YAG lasers is at 1064 nm, near-IR, and several lower wavelengths, 
532, 355, 266 and 213 nm, have been achieved and utilized for chemical analysis. The operating 
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gas in excimer lasers is responsible of determining the wavelength such as F2 at 157 nm. 
Moreover, higher photon energies can be achieved by applying shorter wavelengths leading to 
high efficiency in bond breaking and solid sample ionization. Interestingly, absorption of laser 
energy by analytes and by the laser-induced plasma is noticeably affected by laser wavelengths. 
In further details, ablation process may be associated with thermal and/or non-thermal 
mechanisms depending on the laser wavelength used in the analysis. Electrons can absorb the 
laser energy directly in the thermal mechanism and transfer this energy to the atomic lattice 
resulting in melting and vaporization of the analyte of interest. This laser energy transfer process 
may lead to strong fractionation because of the difference in the vaporization heat of chemical 
elements. Alternatively, the atomic lattice can be directly broken generating ions and atoms if the 
laser energy absorbed is higher than the bond breaking energy. 
In addition to fractionation, there is another process affected by the laser wavelength which is 
plasma shielding. The laser beam can be intensely absorbed or reflected depending on its 
wavelength by the expanding plasma-plume which is released during the ablation process as 
shown in figure (5). The absorption of the plasma is typically higher at longer wavelengths. 
Therefore, the short wavelength laser with high energy is preferable as it results in lower 
fractionation and greater ablation rate. Remarkably, laser pulse duration can also effect on the 
ablation efficiency, accuracy, plasma shielding and fractionation. It has been recently reported 
that femtosecond laser pulses is more efficient for providing lower fractionation and plasma laser 
interaction because more mass can be removed per unit energy with minimal thermal effect on 
target materials [144, 146, 147]. In fact, shorter laser pulse can generate a smaller particles 
aerosol which subsequently minimizes the fractionation process [145].  
 
Figure 5: The formation of plasma plume, energetic fragments, which forms and then expands.             
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1.3.2 The ablation cell 
The aim of the cell is to place the sample in. The sample must be isolated from the surroundings to 
prevent the entrance of air and the loss of ablated materials. The solid sample is placed into the 
cell, which is sealed tightly and on a mechanically adjustable platform, and then ablated by the 
laser beam to generate an aerosol. This aerosol is then swept by a constant flow of carrier inert 
gas into plasma of ICP where it is atomized and finally ionized. The cell is connected to the injector 
tube in the plasma torch via either a polytetrafluoroethylene (PTFE) or Tygon tubes. Many ablation 
chambers that have different internal volume and geometry have been employed. Importantly, 
the geometry and transport tubing affect significantly the overall transfer efficiency and the signal 
profile. In fact, the volume of the cell plays an important role only in the dispersion of the signal 
and in consequence the magnitude of the signal/background ratio. Several investigations have 
been performed to achieve an efficient aerosol transfer and avoid the dispersion of the aerosol in 
the ablation chamber. Generally, cell designs need to further improved and optimized for efficient 
analysis [144, 146, 147].         
1.3.3 The carrier gas 
An inert gas is used to transfer the ablated material from the ablation chamber where the laser 
ablation process occurs to the ICP torch. Helium gas has been widely used with Argon gas to flush 
the ablated sample from the chamber at a constant flow rate. It has been reported that these two 
gases provide better ablation and transport rates. The ablated material can condense on the 
internal walls of the ablation cell and transfer tubes that connect between the cell and the ICP 
injector. However, this sample deposition can be reduced to improve the transfer and ablation 
efficiency by using a high flow of the carrier gas [147]. Furthermore, molecular interferences 
occurred by polyatomic ions can be avoided by using the two inert gases Argon and helium. The 
optimum ion yield required for trace elements measurements can be achieved when these two 
gases are employed [144, 146, 147]. Helium is often preferred to argon for ablation and transport 
as it is lighter and has better diffusion. 
1.3.4 Single cell analysis 
Laser ablation offers a potential method for single cell elemental analysis. This growing technology 
of analysis performed on individual cells is one of the principal driving forces of biological 
discovery. Actually, tools and assays performed on cell populations may provide undesired results 
as they produce the average signals or responses from many cells. Although powerful methods in 
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molecular biology are abundant, the data obtained from cell population is difficult to interpret 
particularly in many fields such as tissue engineering, stem cell biology and cancer biology. This 
difficulty is resulted from the heterogeneity of cell population and different time dynamics within 
the sample. Additionally, these undesired results can be misleading and require careful 
interpretation to get meaningful information. Although the conventional molecular assays are 
accessible and simple, they can inaccurately define the distribution of behavior among cells in the 
sample. It has been stated that cells which are genetically identical may vary in their responses to 
stimuli. Therefore, accurate characterization of heterogeneous samples can be achieved by single 
cell analysis. Currently, understanding the importance of single cell analysis has resulted in 
development of several single-cell molecular biology methods such as single-cell capillary 
electrophoresis (CE) and biochemical immunoassays. However, sample preparation is always a 
required stage in single cell analysis [151].  
1.4 Introduction to cell culture 
Cell culture means that cells removed from animals or plants are grown in artificial environments. 
The stage at which cells are isolated from the tissue and proliferated under appropriate conditions 
until they become confluent is called primary culture [153]. When the cells occupy all of the 
available substrate, being confluent, they need to be passaged (subculture). Subculture refers to 
the transfer of confluent cells to a new vessel containing a certain amount of growth medium to 
provide more space to cells to continue their proliferating. This primary culture becomes known as 
a cell line or subclone after the cells are being first passaged. Importantly, the life span of these 
cell lines, which are derived from primary culture, is limited. There are two kinds of cell lines. 
When normal cells lose their ability to proliferate after a limited number of division this cell line is 
known as finite. On the other hand, immortalized cells can undergo indefinite number of division 
due to mutation. This mutation can occur naturally or be intentionally induced to enable cells to 
be grown for prolonged periods of time. The process in which the normal cells become immortal is 
known as transformation. A finite cell line becomes a continuous cell line when it has the 
capability to divide indefinitely through a transformation process [154-156]. In fact, there are 
many types of cell lines and accordingly culture conditions differ widely. However, the artificial 
environment for all kinds of cell lines is similar. It consists of appropriate vessels that contain the 
growth medium to provide the cells with all essential nutrients they require, e.g. vitamins, 
hormones, amino acids, O2 and CO2 gases, minerals and growth factors. In addition to the suitable 
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vessels, pH, osmotic pressure and temperature should be regulated in the place where the cells 
are cultured (incubator). The most important and vital advantage of performing cell culture is the 
reliability and reproducibility of results achieved from a batch of clonal cells [155-158].  
1.4.1 Adherent cell culture 
The majority of cells must be cultured while they are attached to an artificial solid or semi-solid 
surface and this is known as adherent cell culture or monolayer culture. In contrast, suspension 
culture refers to the cells that can be grown floating in the growth medium. Cultured cells can be 
classified into three main categories according to their shape and appearance (morphology) as the 
following: 
 Fibroblastic cells which are grown attaching to the surface and have elongated shapes. 
 Epithelial-like cells which have a polygonal shape and grow attached to a substrate in 
separate batches. 
 Lymphoblast-like cells which have a spherical shape and belong to suspension culture 
type [155-157, 159]. 
Only adherent cell culture and fibroblastic cells system will be considered and discussed further in 
the following paragraphs due to their relevance to the skeletal muscle cell line used in this 
project.  
1.4.2 Cell culture and safety equipment 
The work in cell culture laboratories is associated with specific biological hazards such as 
accidental spills and splashes on skin or unintentional punctures with any contaminated sharps 
like syringe needles. Thus, biosafety programmes should be established and followed to protect 
the laboratory workers and decrease/remove exposure of them and the outside environment to 
potentially dangerous biological agents. 
The most important safety equipment is the cell culture hood (biosafety cabinet) which is designed 
to eliminate or reduce exposure to hazardous materials and provide contamination free 
environment where cell culture process is performed. It should be decontaminated before and 
after being used and has to be cleaned routinely even if it is not dirty. Any spill or splash of 
potentially hazardous material should be cleaned immediately. Personal protective equipment 
such as gloves, laboratory coats and safety glasses are essentially used in conjunction with the 
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primary barriers (biosafety hood) to protect the laboratory’s workers and prevent any cross 
contamination to the cells in culture. All cell culture laboratories have the same basic equipment 
that is fundamental for culturing cells. However, the type of research conducted may require 
certain additional safety equipment to allow the work to be carried out more efficiently [155-158, 
160]. 
Basic cell culture equipment should be offered in all cell culture laboratories to conduct the work 
professionally. The basic equipment is: 
 Cell culture hood to conduct the work inside. It has to be big enough for one worker at a 
time with adequate lighting and is easily cleaned from inside and outside. All items placed 
into the hood should be well arranged.  
 Water bath to warm all reagents and consumables used in the process 
 Incubator where the cells in vessels grow.  
 Centrifuge 
 Refrigerator and freezer to appropriately keep samples, media, cells, chemicals and 
reagents 
 Cell counter 
 Inverted microscope to count the cells and monitor their growth and health status 
 Liquid nitrogen (N2) freezer to keep cells for longer periods of time 
 Sterilizer to decontaminate any material goes into the hood 
 Essential supplies such as plastic and glass ware, pipettors, waste containers and all 
required reagents 
 Expanded equipment such as confocal microscope and pH meter may be required to 
conduct some work [155, 157, 158, 161]  
1.4.3 Aseptic technique 
Successful cell culture relies on keeping the cells free from any kind of contamination such as 
microorganisms (bacterial, fungi, and viruses) and non-sterile materials (media, reagents and dirty 
incubators). In fact, the most common issue encountered in cell culture is contamination that can 
lead to very serious consequences. There are two main categories of contaminants which are 
chemical and biological contaminants. Bacteria, molds, yeasts, and viruses are some examples of 
biological class while impurities in media, sera and water are examples of the second category. In 
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order to avoid any possibility of contamination a cell culture hood should be used as it is the most 
economical and simplest way to minimize the biological contamination. It has to be located in a 
place that is restricted to cell culture. Moreover, the biosafety hood should be disinfected 
thoroughly before and after being used and all surrounding area has to be cleaned frequently. 
Ethanol 70% should be applied to all work surfaces and surroundings especially after any kind of 
spillage. 
 Generally, aseptic technique including a set of procedures should be carefully followed in all cell 
culture laboratories. Sterile work environment and good personal hygiene are two examples of 
essential elements of aseptic technique. In detail, all sterile glass or disposable plastic pipettes 
which are used to handle liquids must be used only once and must not unwrap until they are to be 
used. All bottles should be sealed after being used in the hood to avoid any kind of contamination 
and spillage and all sterile items should not be uncovered outside the cabinet. Importantly, the 
process should be performed as fast as possible to reduce the possibility of contamination. It is 
impossible to remove contamination completely but it is possible to reduce its occurrence and 
seriousness by following efficient aseptic technique [154-158, 160-164]. 
1.4.4 Culture environment 
Physicochemical (e.g. temperature, pH, osmotic pressure and O2 and CO2 levels) and physiological 
environment (hormone and nutrient concentrations) of cell culture can be manipulated. It is 
possible to control the culture environment. Some of them can be modified by the growth media. 
It is important to understand the components of serum and the growth factors required for cell 
growth in order to conduct the cell culture process efficiently and accordingly meet the 
investigation requirements [154-158]. 
As mentioned above, the culture medium which is the most major components of culture 
environment can regulate the pH and the osmotic pressure of the culture. In addition, it provides 
the cells in culture with required nutrients, growth factors and hormones that the cells need for 
their proliferation. There are three basic types of media: basal media, reduced-serum media, and 
serum-free media. They vary in their requirement to be supplemented with serum [154-158, 165]. 
Basal media must be supplemented with serum in addition to amino acids, vitamins, inorganic 
salts, and a carbon source (glucose) they contain. Most cell lines can grow in this kind of media. In 
order to lower the unwanted effects of serum on cells as required for specific experiments 
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reduced-serum media can be used. They have similar formulations to basal media and are rich in 
nutrients and animal-derived factors that minimize the required amount of serum. In order to 
make the medium selective for particular cell types serum-free media can be used and appropriate 
growth factors accordingly can be combined. So the animal serum is replaced with appropriate 
nutritional and hormonal formulations as a source of growth factors. However, this kind of media 
can slow down the growth rate of cells in culture and needs higher degree of purity of reagents 
[154-158, 165]. 
Serum is an essential component in basal media as a vital source of growth factors, minerals, lipids 
and hormones for cells in culture. Moreover, it carries lipids, enzymes, micronutrients, and trace 
elements within the cell as well as it regulate cell membrane permeability. It also promotes cell 
proliferation, antitrypsin activity and adhesion factors. On the other hand, undesirable effects such 
as stimulation or inhibition of growth and cellular function on certain cultures may occur. In 
addition to its possible effects, it is expensive and may cause some issues with standardization and 
variability. It can also introduce a serious contamination to cells in culture if it is not obtained from 
reputable source. Therefore, it should be tested for contamination and in terms of its quality, 
safety, consistency, and regulatory compliance [154-157, 165]. 
Other physicochemical environments are pH, CO2 and temperature. The majority of normal 
mammalian cell lines need pH 7.4 to grow well. However, some cells prefer a little more acidic 
environment (pH 7.0–7.4) to grow well like some of transformed cell lines. In contrast, some 
normal fibroblast cell lines grow better at slightly more basic environments (pH 7.4–7.7) [154, 155, 
158]. 
The optimal temperature for most human and mammalian cell lines is 36°C to 37°C in order to 
achieve an optimal growth. Generally, the temperature is maintained at slightly lower than the 
optimal temperature in the incubator because higher temperature is a more serious issue for cells 
in culture. 
As mentioned above, pH of the culture can be controlled by the growth media which contain an 
organic (e.g. HEPES) or CO2-bicarbonate based buffer to achieve the correct pH for cell culture 
environment. The growth media can also maintain the cells in culture against any change in pH. 
Each type of media has a recommended concentration of CO2 and bicarbonate to obtain a 
required pH. If transformed cell lines are cultured at high seeding density or in open dishes and 
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media buffered with a CO2-bicarbonate based buffer is used an exogenous CO2 should be applied 
to the culture. And this need to use exogenous CO2 is due to the fact that the pH of the medium 
depends on the balance between dissolved carbon dioxide and bicarbonate. Therefore, any 
alteration in the atmospheric CO2 can consequently change the pH of the medium. The most 
common level of CO2 which is used for most cell culture investigations is 5–7% [154, 157, 158, 
161].  
1.4.5 Resuscitation of frozen muscle cells 
A strict procedure with a good technique should be followed to thaw the frozen cells as quickly as 
possible to ensure that a high proportion of cells stay alive to be reseeded. Frozen cells have to be 
thawed in a water bath at 37°C immediately after being taken out from the nitrogen until a little 
bit of ice is left in the cryovials. A high density of thawed cells should be plated in pre-warmed 
growth medium to optimize recovery. An appropriate size flask has to be used accordingly to the 
number of thawed cells and the growth medium should be changed on the following day of 
seeding [157, 158, 161, 164, 166-171]. 
1.4.6 Subculture of adherent muscle cells 
Once the cells are seeded into the vessel and appropriately incubated they start proliferating 
(dividing) until they occupy most of the surface of the vessel with no room left for further 
expansion. At this stage, the cells must be transferred to a new vessel containing a new fresh 
growth medium after the previous growth medium has been removed. More importantly, cells 
proliferation is considerably lowered or ceases entirely when the cells in culture become confluent 
and are required to be passaged. Therefore, the culture must be divided to keep them at an 
optimal density and a fresh new medium has to be provided to support further growth. In fact, 
normal cells stop proliferating when they become confluent and it takes longer from them to 
recover after being reseeded. Thus, it is important to passage the normal cells before they reach 
confluence. On contrary, transformed cells can continue growing even when they become 
confluent. However, they start clumping together if they reach confluency and are not passaged. 
Moreover, they usually deteriorate after about two doublings. 
More interestingly, the rate of pH change in the growth medium generally depends on the 
concentration of cells in culture. A rapid drop in pH is associated with the high concentration of 
cells in culture and the rate of pH change is faster at high cells concentration than low 
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concentration of cells. The decrease of the growth medium pH usually indicates an increase of 
lactic acid formation which can be toxic to the cells. Lactic acid is produced during the cellular 
metabolism as a by-product. So it is essential to monitor the cells confluency to avoid pH drop in 
the growth medium and prevent the clump of cells and split them as required. 
Importantly, a strict schedule of seeding density should be followed to achieve consistent growth 
rate and obtain an appropriate yield. Also, the health status of cells should be monitored and any 
deviation from the normal growth pattern indicates that the culture is unhealthy (e.g. 
contamination) or one of the basic culture components is not efficiently functioning, e.g. 
temperature is not optimal or the medium is expired. 
Generally, the first step to passage cells after the growth medium has been removed is washing 
them by a balanced salt solution (buffer) to get rid of any remaining medium which can defeat or 
inhibit the function of trypsin. The cells are then detached from the surface of the vessel by 
mechanical (scraping) or enzymatic (trypsin) means depending on the culture system. A specific 
amount of trypsin is used as enzymatic dissociation to detach strongly adherent cells while trypsin 
with collagenase is used for cultures that have formed multiple layers, especially fibroblast (high 
density). The culture is then collected for centrifugation after the addition of growth medium to 
prevent any proteins and cells damage that trypsin may cause if it stays longer. Specific amount of 
trypsin and accordingly growth medium should be added depending on the size of the culture 
vessel. The incubation time of cultured cells with trypsin varies with the cell line used. The 
centrifuge parameters (e.g. speed and time) are dependent on the cell line type. The cells are then 
counted after their pellet has been resuspended in a minimal volume of growth medium. Lastly, a 
certain number of cells is seeded in a new vessel containing a certain volume of medium and then 
incubate the cells as required. A proper gas exchange should be considered when the vessel 
containing cells is incubated. So vessels should have gas-permeable caps otherwise the caps 
should be loosened before being incubated if they do not allow the gases to be exchanged. 
Importantly, the whole procedure of cells passage should be carried out inside safety cabinets 
with a strict caution of using everything sterilized by alcohol [154-158, 161, 164, 166-174].   
1.4.7 Cell quantification 
Hemocytometer, which was routinely used to count the cells in this project, are the most common 
cells counter that has been widely used in cell culture laboratories to determine the cells viability 
accurately. Specific equal amounts of cultured cells and trypan blue are mixed well together 
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before adding to the chamber of hemacytometers. The non-viable cells take up trypan blue and 
appear dull under microscope. The cells viability is the number of viable cells divided by the total 
number of cells (viable + non-viable). The Hemacytometers should be well cleaned (chamber and 
coverslip) with alcohol before the mixture of cells and trypan blue is added. After one chamber of 
hemocytometer is loaded the cells are counted under microscope at low magnification (10 X 
objectives) to calculate the number of viable cells [154, 164, 169, 171, 175]by using the following 
equation: 
Cell counts = Average number of the cells in the four squares of grid X 2 (stain dilution factor) X 
10000 X The volume of the suspension culture  
The cells are only counted in the 4 quadrants in the 4 corners of the counting grid, each is 
composed of 16 squares and the average is then calculated. This average of cells number should 
be corrected by multiplying by 10,000 as explained in figure (6). Ideally, a reasonably big number 
of cells (>100) should be counted in order to increase the accuracy of the cell count. Cells which 
touch the top and left lines of the square are counted plus the ones in the middle, but cells 
touching the right and bottom lines are not counted as shown in figure (6) [157, 175].  
 
 
Figure 6: Quantification of cells by hemocytometer. 
It is necessary to quantify the number of cells prior to use. Using a consistent number of cells will 
maintain optimum growth and also help to standardize procedures using cell cultures. This in turn 
gives results with better reproducibility. We can calculate the volume of growth medium required 
for next passage which depends on the size of T-flask by accurate cells counting. Also, the correct 
seeding density of cells can be achieved and optimized by an accurate counting. More importantly, 
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cell quantification is important to prepare samples to be used for certain experiments correctly as 
required.   
Cells counting are important for quantitative growth kinetics. Apart from the hemocytometer, 
other several means have been used to count cells in culture. For example, the Countess 
Automated Cell Counter is one among many instruments designed to count cells. It is a bench-top 
machine used to quantify cell count and viability (live, dead, and total cells) in less than a minute 
per sample with high accuracy and precision [157, 175].  
Electronic cell counters [154, 155, 175], fluorescent staining of cells in cultures, and [3H]-thymidine 
incorporation are other ways to quantify cell numbers in culture [155, 161]. A microchannel-based 
device was recently developed to quantify a limited number of cells precisely [176]. However, only 
hemocytometer as described above was used routinely in this project to count the cells. 
1.4.8 Cryopreservation of muscle cells 
Microbial contamination and genetic drift may occur in continuous cell lines in culture even in the 
best run laboratories. Therefore, it is essential to freeze cells to keep them for longer periods of 
time. In addition, it is time-consuming to establish cell lines which are a valuable resource and 
expensive to replace. When cells are available from first subculturing they have to be frozen in 
liquid nitrogen (cryopreservation) as a seed stock. Other stocks known as working stocks can be 
further prepared from frozen seed stocks.  
The best approach to cryopreserve the cultured cells is to keep them in complete growth medium 
in combination with a cryoprotective agent such as dimethylsulfoxide and then store them in 
liquid nitrogen. The cryopreserve agent is added to prevent the formation of ice crystals that can 
cause cell death as it lowers the freezing point of media and decrease the rate of cooling. Cells at 
low number of passage are preferable to cryopreserve in nitrogen. The cryovials containing the 
cells to be frozen should be first placed in a cryo-freezing chamber such as “Mr. Frosty” and then 
stored in the gas phase above the liquid nitrogen after being frozen at –80°C overnight [154, 155, 
157, 158, 161, 164, 166, 168-172, 177]. 
1.4.9 Hypoxia and hyperoxia process 
Currently, there are a few methods to apply hypoxic conditions to cells in culture including 
chemical hypoxic inducers and instrumental inducers. Chemically, many chemicals can be added to 
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the cells in culture and then incubate the cells vessels under normal conditions (5%CO2, 37
0C). For 
example, CoCl2 and Deferoxamine mesylate can be used to create hypoxic conditions in cells 
vessels. The assay should be optimized for each cell line to limit drug related toxicity and the 
researcher should check what other effects the chemicals could have on the cells of interest. The 
advantage of using such chemicals is the researcher is able to open the cells plate/dish/flask many 
times without affecting the hypoxic environment. And it is inexpensive and fast [45]. The hypoxia 
can be then evaluated by measuring the activity of HIF-1α within cells of interest, incubating the 
control ones without hypoxia inducers and comparing between the two values [45, 56]. It is 
important to know the basal value of HIF-1α in the cell lines of interest as some of them express 
HIF-1α in normoxia like cancer cells. Therefore, it is critical to use a normoxia-control to define the 
basal level of HIF in these cell lines. However, it is not a good choice because the exact impact of 
oxygen is still unknown [45].    
Instrumentally, there is a chamber connected to a hypoxic gas tank to set and regulate the desired 
concentration of oxygen inside the chamber. This isolated chamber is then placed into the normal 
incubator for the desired period of time [45, 54, 56, 178]. There should be at least two identical 
(twin culture) cell cultures to compare between them, one as normoxia-control and the one 
incubated under hypoxia. It is advised to re-gas the chamber once after 1-3 hours to eliminate the 
oxygen contained in the media. The advantage of this method is that the researcher can avoid the 
addition of chemicals which may alternate cell behavior independently of the oxygen tension. 
However, sometimes this instrumental method is not suitable for some cells types or some 
experiments as the oxygen can re-enter the chamber at each opening and that would affect the 
hypoxia environment. Alternatively, hypoxia workstations can be used to maintain the level of 
oxygen inside the chamber. The experimentation is allowed to change media and manipulate cells 
in continuous hypoxic environment [45]. 
Principally, tri-gas incubators are most widely used to create hypoxia conditions in a heated, 
humidified environment. In fact, two gases are supplied, CO2 and Nitrogen [54, 56, 178]. As 
mentioned previously in (1.4.4) that 5% CO2 is required to maintain pH of the growth media and 
nitrogen gas is used to decrease/increase the level of oxygen that is required for certain hypoxic 
experiments. Pure oxygen tank may be used as desired to reach high levels of oxygen and this is 
the case of this current study. Tri-gas incubator connected to N2/O2 tank as required has been 
used to create hypoxia/hyperoxia conditions for this current project.     
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2 Quantification of Zn, Cu, Fe and Mn in skeletal muscle cells by ICP-MS 
2.1 Introduction 
As mentioned previously in chapter one (1.1.1), the oxidative stress (ROS overproduction) is 
increased during or immediately after exercises as it has been shown that the oxygen molecule is 
increasingly consumed during the exercise and this consumption is associated with overproduction 
of free radicals in working organs or tissues such as muscles. Therefore, it is very important to 
assess this oxidative damage within humans in certain biological samples. It has been revealed 
that there are no ideal biomarkers and optimal methods to be applied to measure the oxidative 
damage. However, some biomarkers are more reliable and stable during the analysis than others. 
Accordingly, hyphenated techniques are required to quantify the oxidative stress by measuring 
appropriate biomarkers.  
A new analytical method using ICP-MS was created and optimized in this current investigation to 
quantify the oxidative stress in the skeletal muscle cells, C2C12, resulting from the exposure to 
different concentrations of oxygen. Four biological vital elements were quantified in these cells’ 
populations which are Mn, Fe, Cu and Zn. Our hypothesis is that we believe that the concentration 
of these four intracellular elements may be either positively or negatively affected by the oxidative 
stress status of the human muscle cells when they are grown under different stress conditions. 
This hypothesis is built on the fact that these four trace redox elements play a vital and basal role 
in antioxidant enzymes, catalase and superoxide dismutase, which are counted as toxic free 
radicals scavengers. Moreover, these four redox elements potentially participate in the production 
of deleterious free radicals within human cells exposed to hypoxia/hyperoxia conditions via 
Fenton and Haber Weiss reactions as explained previously in (1.1.5). So their intracellular 
concentration should be changed accordingly to the oxidative status of the cells when they are 
exposed to low/high level of oxygen. 
The aim of this chapter is to quantify Zn, Mn, Cu and Fe by applying ICP-MS in liquid samples of 
cells’ populations cultured under hypoxia/hyperoxia conditions.  
42 
 
2.2 Experimental 
2.2.1 Instrumentation and operating parameters 
Analysis was performed at Geology department at Leicester University using a Thermo Scientific 
ICAP-Qc quadrupole ICP mass spectrometer (for high-sensitivity measurement of trace elements in 
solutions). A collision-reaction cell employing helium gas is fitted to reduce/remove the 
interferences. The operating conditions of ICP-MS for the first, second and third experiments, 
explained further later in methodology, are shown in the following table (1). 
Parameters 
ICP-MS 
1st experiments 
ICP-MS 
2nd experiments 
ICP-MS 
3rd experiments 
Plasma power  1550 w 1550 w 1550 w 
Sample gas flow rate (L/min) 1.1 1.08 1.08 
Cool gas flow rate (L/min) 14 14 14 
Auxiliary gas flow rate (L/min) 0.8 0.8 0.8 
Torch horizontal position  0.7 0.61 0.67 
Torch y vertical position 0.07 -0.14 -0.25 
Peristaltic pump speed 20 20 20 
Sample’s up-take time (s) 60 90 90 
Flush time  (s) 15 30 30 
Analyzer pressure 6.77E-07 5.65E-07 5.53E-07 
Interface pressure 1.89E+00 2.12E+00 1.81E+00 
Table 1: The operating conditions of quadrupole ICP-MS for the first, second and third experiments.  
2.2.1.1 Hypoxic and hyperoxic experiments 
All experiments and cell culture for solution based work were performed in the analytical 
laboratory at the School of Sport, Exercise and Health Sciences at Loughborough University. All cell 
culture work was carried out inside Heraeus biological safety cabinet (Class II). In the beginning, 
one cryovial of frozen cells was provided, stored in liquid nitrogen on 16th January 2015 with 
passage number 7, to carry out the first experiments for a test. Another three cryovials of frozen 
cells were provided later to perform the experiments required for this investigation and have been 
explained in more details below. Their details have been shown in the following table (2).  
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The hypoxic and hyperoxic experiments were performed twice to examine their reproducibility as 
explained in further details below. 
Cells’ Batch Batch 1 Batch 2 Batch 3 
Date of storage in 
N2 
01/2016 11/01/2016 08/01/2016 
Passage number 6 5 6 
Concentration 1 million/1ml 1 million/1ml 1 million/1ml 
Table 2: Details of the cells’ batches used to perform the hypoxic and hyperoxic experiments for solution based work.   
Hypoxic and hyperoxic conditions were applied on cultured cells by employing the hypoxic 
incubator (SANYO, O2/CO2 INCUBATOR, MCO-5M). Nitrogen gas which is connected to the 
incubator was increased to lower oxygen level in order to produce stress conditions up to 15% O2. 
On the other hand, an oxygen cylinder was connected to the hypoxic incubator instead of nitrogen 
cylinder and used to increase oxygen level in order to generate hyperoxic conditions from 25% to 
60% O2. The temperature and the level of CO2 remained similar to the normal incubator (37
0C and 
5%). The normal incubator (Thermo Scientific, Heracell 240i, CO2 Incubator) was used to incubate 
all control cells. 
A cell line of C2C12 was cultured in different size of T- flasks of straight neck polystyrene radiation 
sterilized filter cap, with surface areas from 25-175 cm2 and capacity of 50-550 ml. Dulbecco's 
modified Eagle's medium (DMEM) with High Glucose, with 4.0mM L-Glutamine, with Sodium 
Pyruvate was used as a growth medium (Fisher Scientific, UK). It was supplemented with 20% Fetal 
Bovine Serum (Dutscher Scientific, UK) and 1% Penicillin-Streptomycin Solution (Fisher Scientific, 
UK). The ingredients of the growth medium [179] are listed in table (1) in Appendix A. Before and 
after incubation many images of flasks containing cultured muscle cells were taken by applying 
Leica microsystems CMS GmbH (DFC360 FX, Germany). 
After assessing the degree of confluence and confirming the absence of bacterial and fungal 
contaminants, the cells were washed with phosphate buffered saline (Fisher Scientific, UK) and 
detached from the surface of the flask with trypsin (Scientific Laboratory Supplies, UK). After that, 
the culture was collected and centrifuged at 2000 rpm and 40 C for 5 minutes by using (Thermo 
Scientific, HERAEUS, MEGAFUGE 11R Centrifuge). Glass haemocytometer under a microscope 
(LEICA MC170 HD X10 objectives) was used to count the cultured cells which were mixed well with 
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trypan blue. All glassware used for passaging of the muscle cells were purchased from Fisher 
Scientific, UK. 
For samples preparation, 2 ml Eppendorf Biopur Safe Lock microtubes, Sigma Aldrich (UK), were 
used to store the pellets of the cultured cells in the fridge until being digested prior to the analysis. 
15 ml centrifuge tubes, metal free, with screw cap, were used also to prepare samples and 
standards (VWR International LTD, UK). Ultra-pure Nitric acid used for Ultra-trace inorganic 
analysis, ROMIL LTD (UK), together with 30% hydrogen peroxide, Ultra-purity reagent (ROMIL), 
was used to digest the cultured cells prior to the analysis. ICP-MS multi-element solution 2, SPEX 
CertiPrep (UK), was used to prepare all standards solutions. A heating block was employed to 
digest the cells with acid and hydrogen peroxide for 4-5 hours in the 2 ml Eppendorf tubes. Turbo 
Vap (Biotage) was used with a nitrogen stream to evaporate all liquid contained in the Eppendorf 
and obtain dry digested cells. 2% of Ultra-pure Nitric acid used for Ultra-trace inorganic analysis, 
ROMIL LTD, was used to prepare all samples and standards for solution based work. Rhodium (10 
ppm) and Iridium (1000 ppm) were both used as stock internal standards, SPEX CertiPrep (UK), to 
prepare two 1 ppm stock standards.      
2.2.2 Methodology  
2.2.2.1 Twenty four hours incubation oxidative stress experiments 
First of all, a test experiment had been done by applying two different levels of oxygen, 5% and 
35%, on cultured cells, which were incubated in hypoxic/hyperoxic incubator. The results of this 
test experiment demonstrated that the intracellular concentration of the four elements of interest 
significantly changed in these stressed cells compared to the control cells  which were incubated 
under 21% O2 as shown in table (2) in appendix A. 
After that, batch 1 was cultured to carry out the first experiments of solution based work (1A 
experiments). The frozen cells after being thawed in the warm water bath were seeded in T-flask 
containing a measured volume of warm growth medium (DMEM) and incubated then under 
normal conditions, 5% CO2 and 37
0 C, to let the cells adhere to the surface of the flask. A certain 
volume of the growth medium is required for each size of the T-flask used to culture the cells as 
shown in table (3). The medium was changed on the following day without disturbing the cells and 
the flask then returned to the normal incubator to obtain the confluency required, ≥ 60%, to 
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passage the cells on the following day. Seeding densities for passage days required to reach the 
confluency needed to passage the cells are shown in table (3). 
The cultured cells were subcultured by following the procedure mentioned in (1.4.6). Briefly, the 
cells were trypsinized after being washed twice with 5 ml phosphate buffered saline (PBS) and 
then spun down at 2000 rpm for 5 minutes at 40 C after trypsin is quenched by the growth 
medium, the required quantity of DMEM is shown in table (3). The volume of trypsin required to 
detach the adhered cells depends on the size of the T-flask used to incubate the cells as shown in 
table (3). The obtained pellet was resuspended into a certain volume of growth medium before 
being counted by haemocytometer. The required volume of the growth medium depends on the 
confluency of the cultured cells and consequently how many cells could be obtained. 1-3 ml was 
always used to re-suspend the pellet to give a good concentration of the cells’ culture (>10 m cells) 
before counting to reduce the error in cells’ quantification. The procedure of cells’ quantification 
was explained previously in (1.4.7) in details and was followed to calculate the required cells for 
each sample. It is worth noting, the haemocytometer gives an estimated cell number, but once the 
cells are plated it is impossible to count every single one in the flask to get an actual cell number.  
Seeding 
density 
1.5X10
5 
3X10
5
 5X10
5
 7.5X10
5
 1X10
6
 2.5X10
6
 
V of 
GM 
V of 
trypsin 
Quench 
GM 
Flask          
T-25 
3-4 
days 
3 days 
2-3 
days 
2 days 2 days X 5 ml 1 ml 3 ml 
T-75 X 
3-4 
days 
3 days 3 days 
2-3 
days 
2 days 
15 
ml 
2 ml 6 ml 
T-175 X X x 4 days 3 days 2 days 
35 
ml 
5 ml 15 ml 
Table 3: Seeding densities for passage days and required amount of growth medium and trypsin (provided by SSEHS for 
C2C12). 
In order to perform hypoxic/hyperoxic experiments, a particular number of cells were added to 
two new flasks containing a warm growth medium and incubated in a normal incubator under 
normal conditions for 24 hours to allow the cells to attach to the surface of the flask. The GM was 
changed on the following day before one of the two flasks was moved into the hypoxia incubator 
for another 24 hours at a certain concentration of oxygen as required. The other T-flask was 
46 
 
returned to the normal incubator under control conditions for another 24 hours to be used to 
prepare control samples, at 21% O2. This control flask was handled similarly to the flask incubated 
under stress conditions. One million cells were always seeded for two days to obtain 80-90% 
confluency for both flasks. Photos were taken of flasks before and after being incubated under 
stress and normal conditions. The following flow chart (1) describes the cell sampling and 
experimental stages. 
Twelve different concentrations of oxygen, from 1% to 60% at 5 intervals, were applied on muscle 
cells by using hypoxic/hyperoxic incubator. The door of the incubator was kept closed all the time 
to maintain the level of oxygen without any disturbance. After 24 hours, the cells, stressed and 
control, were harvested by using trypsin and counted in order to prepare the samples. The same 
method of cells’ passage was followed to get the pellets from both flasks. After the cells’ pellets 
were resuspended in the growth medium and counted, one million (for 1A experiment) and two 
million cells (for C experiment) respectively were added to two 2 ml Eppendorf tubes and then 
centrifuged at 2000 rpm for 5 minutes at 40C. Three replicates were prepared for each one million 
cells sample and two replicates for those with two million cells. After that, the growth medium 
was removed from all Eppendorf microtubes to obtain a dry pellet to be stored in the fridge until it 
is digested by concentrated HNO3 acid and hydrogen peroxide before being analysed by ICP-MS. 
The removal of the medium was done inside the safety cabinet to avoid any contamination. 
Passage number 21 was reached to finish these first experiments (1A) by doing 60% O2 
experiment. 1A experiments were repeated by using batch 2 mentioned in table (2) above. 
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Flow chart (1): Describes the cell sampling and experimental stages employed to perform the hypoxia/hyperoxia 
experiments at 24/48 hours for solution/laser based works. 
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2.2.2.2 Forty eight hours incubation oxidative stress experiments 
The second batch was used to carry out (1B) experiment which was performed to repeat (1A) 
experiment, explained above, and perform 48 hours incubation experiments (2A). Passage number 
21 was reached to finish these two experiments (1B and 2A). The same range of levels of oxygen 
was applied to incubate the cells for 24 and 48 hours. The same method which was described 
above in the previous paragraph was carried out to prepare the samples of these repeated 24 
hours incubation experiments. In addition, in these experiments, the duration of incubation of 
both control cells and cells cultured under stress conditions was increased to 48 hours. Four 
equivalent T-flasks containing 1 million cells were prepared after each passage. All four flasks were 
incubated into the normal incubator for 24 hours. After the GM was changed on the following day, 
two of them were incubated under stress conditions as required for another 24 hours and the 
other two were incubated under control conditions. After 24 hours, one flask from each incubator 
was taken out to harvest the cells and prepare the samples. The other two flasks in each incubator 
were left for another 24 hours for a total of 48 hours of incubation. Only one million cells were 
used to prepare all samples of 24 and 48 incubations as explained later in this chapter. 
Finally, the third batch was required to repeat 48 hours incubation experiments (2A) by using the 
same twelve levels of oxygen to culture the cells. The same experiments explained above were 
exactly repeated to carry out (2A) experiments. Passage number 19 was reached to accomplish 
these last solution based experiments and one million cells were added to each 2 ml liquid sample. 
2.2.2.3 Sample preparation for solution-based ICP-MS 
All samples for solution based work were prepared by following a method used in other 
investigations to digest the human cells [180]. Briefly, after the cultured cells’ pellets were 
removed from storage in the fridge they were digested with acid and hydrogen peroxide a few 
days before being analysed by ICP-MS. The samples of each chain of continuous experiments using 
a definite batch of cells were digested on the same day at the same time under the same 
laboratory conditions to be consistent. Many different heating blocks were used to house the 
large number of microtubes obtained from each group of experiments at the same time. However, 
the temperature of all three blocks used was monitored continuously throughout the digestion 
process. 
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100 µl of concentrated ultra-pure nitric acid was added without mixing to each Eppendorf using 
particular tips (disposable sterile pipet tips, VWR) and left for one hour in the heating block at 700 
C. Then, after the first hour, 100 µl of 30% hydrogen peroxide was added without mixing to each 
Eppendorf while they were in the heating block. After that, all the Eppendorf tubes were heated 
for 4-5 hours at 700C to digest the cells. The temperature was monitored all the time during the 
process. All Eppendorf microtubes had three tiny holes made in the beginning by fine sterilized 
needle (0.8 x 40 mm, terumo) to allow gaseous products to escape. 
Nitric acid and hydrogen peroxide are potentially strong oxidizing agents and added to the cells to 
digest them and convert all the cells’ elements of interest into a suitable form (in solution) that is 
convenient for the analysis by ICP-MS. In fact, the metal analysis can be performed up to 180 days 
after the cells have been digested [181]. Nitric acid digestion is the most efficient method to be 
used as it has been reported. Further, it has many advantages over the other acids in terms of high 
purity, nitrates are all soluble and an excellent recovery of most trace elements achieved in most 
biological samples [182]. 
After that, the Eppendorf tubes were placed into the turbo Vap to get rid of all remaining liquid by 
using nitrogen gas stream at 600C for approximately half an hour. Finally, all the microtubes were 
stored in the fridge until they were analysed a few days later by ICP-MS. On the day of the 
analysis, 2 ml of 2% HNO3 acid was added to each sample and mixed well with the invisible residue 
remaining in the tubes after the liquid had been evaporated. Two internal standards, Rhodium and 
Iridium, were added to each sample. 20 µl of each internal standard (1 ppm) was added to each 
sample to give a concentration of 10 ppb for each of them. Each sample was mixed very well in the 
same Eppendorf microtube used to put the pellet of cultured cells into and was not exchanged to 
avoid any contamination being introduced to the cells. 
More importantly, the last step in the previous procedure was developed when the second 
experiments were performed to repeat first experiments. The addition of diluted nitric acid and 
the two standards to each sample was modified to improve many aspects of the analysis. After 
being mixed well with diluted nitric acid and the two internal standards the samples were 
transferred to 15 ml centrifuge tubes which exactly fit the holes of the auto-sampler’s racks. 
Concentrated nitric acid was used between the runs to clean the cones and remove any residues 
from the previous sample in the probe that may affect the readings of the next sample. 
Accordingly, the operating conditions of the analysis were changed to provide better results. In 
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addition, 2% HNO3 was used as a blank spiked with the two internal standards and used for 
washing between samples’ runs. A solution of concentrated nitric acid and hydrogen peroxide was 
used as a blank for all samples as it was treated exactly like them. 
2.2.2.4 Standards preparation 
4 groups of standard solutions were prepared by using ICP-MS multi-element solution 2 which 
contains 10 µg/ml (10,000 ppb) of each element of interest (Mn, Fe, Cu and Zn), and 2% HNO3 was 
used to make up all solutions including the stock standard solutions. Standard solutions were 
prepared from 0.1 ppb to 500 ppb in order to cover the whole range of elements’ concentrations 
within samples. Their preparations are shown in more details below in table (4). 10 ml of each 
standard was always prepared one day before the analysis to be fresh and free of any 
contamination. Moreover, specific 15 ml centrifuge tubes and tips were used to prepare the 
standards as mentioned above in (2.2.1.1) to avoid any contamination occurring. 100 µl of each 
internal standard (Rh and Ir) were added to each 10 ml standard solution to give 10 ppb for each 
internal standard. 
Concentration of each group 
of standard solutions 
Calculation using 
(C1 x V1)stock sol = (C2 x V2)Standard sol 
Volume of stock standard 
solution required 
C2= 0.1, 0.3, 0.5, 0.7 and 1.0 
ppb 
10 ppb X V1 = C2 ppb X 10 ml 
V1 = 0.1, 0.3, 0.5, 0.7 and 1.0 
ml 
C2= 2.0, 4.0, 6.0, 8.0 and 10.0 
ppb 
100 ppb X V1 = C2 ppb X 10 ml 
V1 = 0.2, 0.4, 0.6, 0.8 and 1.0 
ml 
C2= 20.0, 40.0, 60.0, 80.0 and 
100.0 ppb 
1000 ppb X V1 = C2 ppb X 10 ml 
V1 = 0.2, 0.4, 0.6, 0.8 and 1.0 
ml 
C2= 200.0, 300.0, 400.0 and 
500.0 ppb 
10000 ppb X V1 = C2 ppb X 10 ml V1 = 0.2, 0.3, 0.4 and 0.5 ml 
Table 4: The preparation of standard solutions used for solution based work using ICP-MS. 
2.2.2.5 Sample preparation for LA-ICP-MS 
In each set of experiments mentioned above in solution based work, certain number of cultured 
cells after being counted was taken away to Chemistry Department in ice bath to prepare samples 
required for laser ablation based work. After each oxidative stress experiment when the cells have 
been passaged and then counted, 100 K of each control cells and cells grown under stress 
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conditions were transported to Chemistry Department to mount them on 4 microscopic slides in 
order to be ablated by laser as will be explained further in chapters 3 and 4.  Replicate samples of 
each control and stressed cells, 50 K cells per slide, were prepared as detailed in chapter 3 and 
then stored in the cupboard until being analyzed by laser ablation. 
2.3 Results and Discussion 
The four elements of interest were measured in each sample at the same time in one run. They all 
give reliable results as the replicate measurements were in good agreement. In order to 
understand the change associated with each element according to the different level of oxygen 
applied, each element will be discussed separately below in the following sections.   
2.3.1 Twenty four hours incubation hypoxic/hyperoxic experiments 
For each element of interest, twelve different levels of oxygen were applied to the control cells 
and the cells grown in the hypoxic incubator as explained above in (2.2.2.1) and samples of both 
kinds of cells were prepared as described in (2.2.2.3) and then analyzed by ICP-MS. The 
experiments were performed twice to check their reproducibility, accuracy and precision.  
In these experiments one million and two million cells were used to prepare the samples of both 
control and stressed cells. And each number of cells produced certain results for each element at 
each level of oxygen applied. Therefore, the two methods (1m and 2m cells) will be discussed 
separately in the following headings for each element.  
The blank for all cells’ samples used in both experiments was concentrated nitric acid and 30% 
hydrogen peroxide which were used to digest the cells. It is worth noting, the concentration of 
each element of interest in this blank is much lower than in the cells’ samples. Grubbs test was 
used to exclude the outliers in all measurements of all four elements by using the following 
formula: 
Grubbs test statistic, G = (suspect value – mean of replicate measurements)/ standard deviation 
KED mode of quadruple ICP-MS was used to reduce/remove the interferences during all analysis of 
all elements of interest that will be explained in the following headings. This mode has a 
collision/reaction cell with helium gas mentioned previously in (1.1.1.4.1) to minimize the 
interferences and overlaps that may occur and cause errors in all measurements. 
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Firstly, it was decided to use one million cells for each sample, as handling a large number of cells 
can reduce the errors which may occur during cell culture, counting and sample preparation of 
smaller numbers of cells, thus improving accuracy and precision of results. Moreover, one million 
cells produce a good size of pellet that is visible and easily handled. The GM can be removed from 
the Eppendorf microtube as required for the analysis without disturbing the big visible pellet.  
Secondly, two million cells samples were prepared in order to compare and check if they produce 
double the values of one million cells samples or not. If so, then it can be concluded that one 
million cells is a perfect number to use in terms of accuracy, precision and reproducibility of the 
method. In fact, one million cells are preferable to use for samples’ preparation. In more details, to 
use more than one million cells for each sample a very big number of cells should be obtained 
every time the cells are passaged. And this is very difficult to achieve especially at high levels of 
oxygen where the proliferation of cultured cells get weak and slow as noticed during the 
performance of the experiments. This slow proliferation can be obviously noticed in the culture 
flask before and after the cells have been incubated. Moreover, in every experiment, it is required 
to take millions of obtained control cells to seed in new flasks for the next experiment. In order to 
ensure that the number of cells obtained in every experiment is big enough to prepare replicates 
of 2 million cells samples and for next experiment, more than one big T-flask should be used to 
seed the cells. And this means that the cells required for a certain experiment will be grown in 
different environments while they must incubate in the same physicochemical and physiological 
environment to be compared. 
On the other hand, if the two million cells experiments give different results from those of one 
million cells, so this means that the method of analysis is neither accurate nor reproducible. And 
the one million cells’ method used needs to be developed by increasing the number of cells which 
can reduce the contamination that may occur during the samples’ preparation and affect the 
elements’ concentration.  
Finally, do these two methods give results having means which differ significantly? It is worth 
noting, as always there is a variation between the measurements due to random measurement 
error. Moreover, differences between the cells’ samples and differences between the methods 
may also contribute to the variation between measurements. However, we need to test whether 
the two methods do not differ significantly.  
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Statistical measurements (significance tests) were applied to compare between one and two 
million cells samples methods for each element of interest. T-test (paired) was used to compare 
between them as shown later in more details and therefore for identifying systematic errors. 
Paired t test was used to test whether the two methods did not produce significantly different 
results for all samples of cells grown at stress conditions at all levels of oxygen. Actually, a paired t-
test takes account of additional variation resulting from the independence of the observations. In 
addition, it does not require both samples to have equivalent variance. The paired t-test measures 
the difference within each pair of measurements at each level of oxygen, calculates the mean of 
these changes, and states whether this mean of the differences occurring is statistically significant 
[183].   
Overall, the null hypothesis is the two methods of 1 m and 2 m cells do not differ significantly at 
5% probability level, and the two sets of samples have means which are not significantly different.  
Interestingly, control cells’ samples prepared from all different experiments are not comparable as 
their number of passage is different and the conditions (physicochemical and physiological 
environment) when they are subcultured are also different. Therefore, their behaviour is 
completely different, and this is reflected in the results as shown for example in figure (7).  
Consequently, the test which is used to compare between two means is not appropriate to 
compare between all control/stressed cells because it does not separate the variation resulting 
from the method from that obtained from variation between samples. The best solution is to look 
at the difference, d, between each pair of results given by the two methods [183]. So as stated 
earlier that paired t-test was used to test whether there is significant differences between the 
results of all control/stressed cells at all levels of oxygen obtained by the two methods (1m and 
2m cells). 
Returning to 24 hours incubation experiments, the null hypothesis of 24 hours incubation 
hypoxic/hyperoxic experiments was that the intracellular concentration of element of interest is 
affected negatively/positively by hypoxic/hyperoxic conditions applied on the cells for 24 hours. It 
is believed that the concentration of these biological elements within the cells should increase 
when the cells are exposed to oxidative stress conditions as these elements have a vital role to 
protect the cells against any oxidants that can generate harmful ROS as mentioned in details in 
(1.1). The fundamental role these elements (Zn, Cu, Mn and Fe) play within the cells particularly in 
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antioxidant enzymes namely Cu, Zn- SOD, Mn-SOD and catalase, which are counted as the first line 
of cell’s protection system, is considered to build our hypothesis. 
It is worth mentioning, for two million cells’ samples, these samples were prepared exactly as the 
previous ones mentioned in (2.2.2.3) and from the same oxidative stress experiments from 1% to 
45% of O2. However, these samples contain 2 million cells instead of 1 million to test the method 
used. It is worth noting also, it was not possible to prepare 2m cells samples from experiments 
performed at 50%, 55% and 60% O2 as the proliferation of cultured cells which were incubated at 
these high oxygen level was very weak and only a relatively small number of cells was obtained. 
Additionally, a small number of cells were obtained at 1%, 10% and 30% O2, so it was not enough 
to prepare 2m cells samples from these three experiments. 
The analysis of these samples was performed once and was not repeated as it was just to check if 
the method needed to be developed in terms of the cells’ quantity or not. They were run with the 
samples analysed in the first experiments and got analyzed with them at the same time as will be 
described later in this chapter. So the same calibration curves of all elements of interest were used 
to measure their concentration in all types of samples in both experiments.  
It is worth noting, in experiment of 1m and 2m cells (experiment C), there were three replicates 
for each sample of 1m for the two kinds of cells (control and stressed) whereas two replicates for 
each 2m cells’ samples. On the other hand, in 1m cells samples (experiments 1A and 1B), three 
and five replicates of each kind of samples, respectively, were prepared at each level of oxygen. So 
the average was calculated and used to represent the data. Thus, it was required to prove that the 
two groups of experiments are not significantly different and they produce the same results. As a 
result, paired t test was employed to test whether the two experiments (1A and 1B experiments of 
1m cells incubated under oxidative stress for 24 hours) differ significantly. In the same way, paired 
t test was used for 48 hours incubation experiments (2A and 2B) as will be showed later in this 
chapter. Grubbs test was used to exclude the outliers (any suspect values).  
2.3.1.1 Zinc 
Zn66 isotope which has a percentage of abundance 27.9 was selected to be measured in all 
samples as no isobaric overlap with Ni (63.92797) and with less polyatomic interferences. 
However, the KED mode of quadruple ICP-MS was applied to minimize the interferences as it has a 
collision/reaction cell with helium gas mentioned earlier in (1.1.1.4.1). The calibration curves of 
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Zn66 that were used to calculate its concentration are illustrated in appendix A in figures (1, 2 and 
3). Three calibration curves were used for the three experiments mentioned above in (2.2.2.1) & 
(2.2.2.2). All calibration graphs showed good linearity with R values close to 1.  
2.3.1.1.1 One million cells samples 
The results obtained from the two replicates experiments (1A and 1B) of 1m cells are shown in 
table (5) and Figures (7 and 8). Calibration curves shown in figures (1 and 2) in appendix A were 
used to measure the concentration of Zn in all samples of (1A and 1B) experiments, respectively. 
Grubb test was used to exclude the outliers’ readings of Zn as its formula shown in (2.3.1). 
Oxygen 
level 
First experiments, 1A Second experiments, 1B 
 
Concentration 
(ppb) of Zn in 1m 
control cells/ 2ml, 
n= 3 
Concentration 
(ppb) of Zn in 1m 
stressed cells/ 2ml, 
n= 3 
Concentration 
(ppb) of Zn in 1m 
control cells/ 2ml, 
n= 5 
Concentration 
(ppb) of Zn in 1m 
stressed cells/ 2ml, 
n= 5 
1%O2 63.54 +/- 1.5 73.97 +/- 0.6 59.1 +/- 12.5 69.62 +/- 3.0 
5%O2 47.59 +/- 1.1 47.63 +/- 2.6 68.41 +/- 3.4 68.40 +/- 7.1 
10%O2 71.80 +/- 5.9 71.80 +/- 2.6 80.39 +/- 15.4 80.27 +/- 2.6 
15%O2 56.80 +/- 12.2 61.94 +/- 3.1 52.05 +/- 11.3 58.62 +/- 3.0 
25%O2 54.51 +/- 0.04 62.46 +/- 1.4 43.70 +/- 1.3 50.94 +/- 1.8 
30%O2 65.90 +/- 11.1 75.52 +/- 1.7 42.1 +/- 4.7 49.01 +/- 1.5 
35%O2 49.30 +/- 13.5 57.71 +/- 2.0 43.17 +/- 2.8 50.61 +/- 1.8 
40%O2 56.71 +/- 6.0 66.80 +/- 0.1 67.86 +/- 1.9 80.93 +/- 2.0 
45%O2 50.91 +/- 6.8 59.96 +/- 1.0 98.33 +/- 8.7 117.1 +/- 6.3 
50%O2 46.78 +/- 0.2 55.88 +/- 4.7 74.26 +/- 12.7 89.18 +/- 3.0 
55%O2 45.18 +/- 0.1 56.01 +/- 1.5 80.36 +/- 12.3 99.12 +/- 5.5 
60%O2 52.95 +/- 3.1 65.97 +/- 2.7 64.53 +/- 0.4 83.38 +/- 2.0 
Table 5: Shows the concentration of Zn in 1m control cells and 1m cells grown under stress conditions for 24 hours 
(mean +/- standard deviation of n replicate measurements), 1A and 1B experiments.  
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Figure 7: Shows the concentration of Zn in 1m control cells and 1m cells incubated under stress conditions for 24 hours, 
1A experiment. Error bars show the standard deviation of 3 replicate measurements. X axis is oxygen levels. Note: each 
stressed cell sample has its own matched control cell sample taken from the same batch, same passage number, at the 
same time, to enable valid comparison. 
 
Figure 8: Shows the concentration of Zn in 1m control cells and 1m cells incubated under stress conditions for 24 hours, 
1B experiment. Error bars show the standard deviation of 5 replicate measurements. X axis is oxygen levels. Note: each 
stressed cell sample has its own matched control cell sample taken from the same batch, same passage number, at the 
same time, to enable valid comparison. 
Paired t-test can be employed at 5% significance level to test whether there is a significant 
difference between the results obtained from the two replicates experiments for the difference 
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between control and stressed cells at each oxygen level for the two experiments as shown below 
in figure (9 (a)). The null hypothesis states that there is no significant difference between the two 
replicates experiments results. 
(a)  
(b)  
Figure 9: (a) Shows t-test (paired) used to compare between the two replicates experiments of Zn (1A and 1B) (b) Two-
way ANOVA test for control cells in both experiments. 
As seen above in figure (9 (a)) that the calculated value of t does not exceed the critical value at 
5% probability level. Thus, there is no evidence to reject the null hypothesis and accordingly the 
results obtained from the two experiments are not different significantly.  
As confirmed by t-test above that there is similarity between the two experiments’ results 
regardless of the slight variation in Zn concentration in each experiment in both types of cells, 
Paired t-test
Oxygen level 1A 1B Difference (1B-1A)
1% 10.43 10.54 0.11
5% 0.04 -0.01 -0.05
10% 0.00 -0.12 -0.12
15% 5.14 6.57 1.43
25% 7.95 7.25 -0.71
30% 9.62 6.91 -2.71
35% 8.42 7.43 -0.99
40% 10.10 13.07 2.97
45% 9.05 18.75 9.70
50% 9.09 14.93 5.84
55% 10.83 18.77 7.94
60% 13.03 18.85 5.82
n= 12 2.44
3.97
2.12
2.20
(Stressed cells - Control cells)
Calculated t (mean*SQRT(12)/SD)
Standard Deviation (SD)
Mean
Critical t
Source of Variation
SS (sum of 
squares)
df (degree of 
freedom)
MS (mean 
square)
F 
(calculated)
P-value F (critical)
(Eta)2 
(SS/SST)
% 
contribution 
of variation 
(Eta)2 x 100
Cells' incubation 1736 11 158 0.7 0.7 2.8 0.4 38
Two replicates 
experiments
525 1 525 2.4 0.15 4.8 0.11 11
Random error 2360 11 215 0.5 51
Total (SST) 4621 23
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control and stressed. And as said previously, this variation may be due to the difference between 
the cells’ passages and consequently the dissimilar physicochemical and physiological 
environment where the cells were incubated. 
Additionally, when two factors may have a significant impact on the results of experiments two-
way ANOVA (analysis of variance) test at 5% significance level can be employed to test their 
effects and what proportion of all variability in data is related to each factor. This test is a powerful 
statistical technique that can be used to separate and evaluate the different sources of variation 
[183]. The degree of association between an effect and the dependent variable is calculated by 
measures of effect size in ANOVA. They are considered as the correlation between an effect and 
the dependent variable. The proportion of variance in the dependent variable which is attributable 
to each effect can be found by squaring the value of the measure of association. Eta squared (η2), 
which is one of the commonly used measures of effect size in ANOVA, is defined as the proportion 
of the total variance that is attributed to an effect. It is measured as the ratio of the effect variance 
(SSeffect) to the total variance (SStotal). 
In our case, for control cells’ samples, ANOVA can be used to separate any variation which was 
caused by incubating the cells into normal incubator (controlled factor) from the variation caused 
by the difference in cells’ batch used for each group of experiments. Therefore, it can be 
concluded that which factor had contributed to the significant variation between the two sets of 
raw data by calculating eta squared and then the percent of eta value which is (sum of squares of 
a certain source of variation/total sum of squares *100).  
In our experiments for control cells, two factors may have affected the results obtained. The first 
one is the controlled factor of the cells’ incubation into normal incubator for 24 hours and the 
second one is the two different cells’ batches used for each experiment. From the results shown in 
figure (9 (b)), the two values of calculated f are less than the critical values and the probability to 
accept the null hypothesis is much more than 0.05 (probability level) for each factor. Thus, the null 
hypotheses are retained and the two factors had not affected the results significantly but they 
contributed to all variability obtained in data. The controlled factor of normal incubation had 
contributed by 38%, which is expected to cause variation in results due to the different passage 
number and day-to-day laboratory conditions for each level of oxygen. And the other factor of 
using two different cells’ batches had also contributed to all variability in results by 11% leaving 
51% for other random errors that always occur in replicates measurements.  
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To understand how the concentration of Zn in cells was affected by changing oxygen amount the 
percentage of change occurring in Zn concentration in cells grown under stress conditions is 
measured by using the following formula and the results are shown in table (6) for the two 
experiments and presented in figure (10, a and b). 
(Concentration of Zn in stressed cells – its concentration in control cells)/ its concentration in 
control cells X 100 
Oxygen level 
% of change in Zn 
(first experiments, 1A) 
% of change in Zn 
(second experiments, 1B) 
1% O2 16.0 +/- 0.5 18.0 +/- 3.0 
5% O2 0.1 +/- 3.0 -0.02 +/- 1.0 
10% O2 0.01 +/- 2.0 -0.2 +/- 1.0 
15% O2 9.0 +/- 3.0 13.0 +/- 3.0 
25% O2 15.0 +/- 2.0 17.0+/- 2.0 
30% O2 15.0 +/- 2.0 16.0 +/- 1.0 
35% O2 17.0 +/- 2.0 17.0 +/- 2.0 
40% O2 18.0 +/- 0.1 19.0 +/- 1.0 
45% O2 18.0 +/- 1.0 19.0 +/- 3.0 
50% O2 19.0 +/- 5.0 20.0 +/- 2.0 
55% O2 24.0 +/- 2.0 23.0 +/- 3.0 
60% O2 25.0 +/- 3.0 29.0 +/- 1.0 
Table 6: The percentages of change occurring in Zn concentration in 1m cells grown under hypoxic/hyperoxic conditions 
for 24 hours (mean +/- SEM), 1A experiment (n=3) and 1B experiment (n=5). 
(a)   
60 
 
(b)  
(c)  
Figure 10: Shows the percentage of change occurring in Zn concentration in 1m cells grown under oxidative stress for 24 
hours (a) 1A experiment, error bars show SEM (n=3) (b) 1B experiment, error bars show SEM (n=5) (c) the pooled 
percentage of change, error bars show the range of the two means. 
As seen in figure (10, a and b), at most levels of oxygen, the change occurring in Zn concentration 
is slightly higher in 1B experiment than 1A experiment by an average of 1% in cells grown at stress 
conditions. The most remarkable difference between the two replicates experiments is at 60% O2 
as the change occurring in Zn concentration is higher by 5% in the second experiments. Thus, the 
change occurring in Zn concentration resulting from oxidative stress status of cells in both 
experiments is reasonably equal as obvious in the two figures above (a and b). The pooled 
percentage of change in Zn obtained from both experiments is shown in figure (10, c) above. So it 
can be concluded that the two replicates experiments do not differ significantly and the method 
used for the analysis is precise and accurate.  
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As shown above in the previous table (6), the concentration of Zn had increased within the cells in 
all experiments when they had been exposed to hypoxic/hyperoxic conditions. Interestingly, there 
is a slight increase in some cases and a significant change in the rest of the experiments. The 
change is very slight and can be thus ignored at 5% and 10% of oxygen and the most significant 
change at 60%, the highest concentration of oxygen applied on the cells and is counted as triple 
amount of the normal level of oxygen which is 21% existing in the normal incubator.  
More interestingly, 5% and 10% oxygen can be considered as normal conditions for intracellular 
zinc and the results indicated that the concentration of zinc was not affected by lowering the 
amount of oxygen from 21% to 5% or 10%. This means that the cells can grow and proliferate 
normally without being stressed at 5% and 10% of oxygen and these two levels are not counted as 
hypoxia for skeletal muscle cells. However, it is an oxidative stress state for intracellular Zn if the 
muscle cells are exposed to oxygen higher than 21% or lower than 5%. 
In more details, as shown in figure (10, a and b), incubation at 1% O2 can be considered as a 
hypoxic state for Zn in muscle cells and the balance between the oxidants and antioxidants is 
consequently disturbed. Thus, the concentration of Zn increased in the cells incubated at this level 
of oxygen to protect the cells and maintain the intracellular equilibrium. Similarly, there is a 
considerable change in Zn concentration when the cells were incubated under 25% O2 and above 
up to 60% O2. Surprisingly, Zn concentration increased at 15% of oxygen which is within the range 
between 5% and 21% where the control cells are incubated. As seen in figure (10), there is a clear 
upward trend in Zn concentration in the cells incubated under 15%-60% of oxygen in both 
experiments. In some cases it seems to have leveled off, for example, at (25% and 30%) and (40% 
and 45%). Interestingly, Zn concentration increased sharply at 60% O2. 
Overall, it can be seen that a dramatic increase in Zn concentration in the stressed skeletal muscle 
cells and this increase is directly proportional to the increase in oxygen level applied on these 
cultured cells. Two-way ANOVA test was used at 5% significance level to test the two factors which 
had caused a variation in all data of the percentage of change occurring in Zn concentration under 
oxidative stress in both experiments. The controlled factor is the different levels of oxygen used 
which had caused a variation by 87% and this result confirms the increase occurring in Zn 
concentration in response of increasing oxygen level. On the other hand, the other factor which 
had caused a variation in data but only by 9% is the replicates experiments themselves which is 
very small compared to the first factor. 
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It can be concluded that the concentration of intracellular Zn goes up when the cells are exposed 
to oxidative stress conditions and increases dramatically as the cells get more stressed. Thus, the 
null hypothesis is accepted as the concentration of intracellular Zn is significantly affected by 
oxidative stress conditions applied on the cultured cells by changing oxygen level. As pointed out 
in (1.4.9), all mammalian cells have to sense and then respond to hypoxia in order to adapt. And 
this is what exactly occurred in our experiments when the muscle cells were exposed to different 
levels of oxygen. Additionally, there is agreement with what have been published that human 
skeletal cells should be incubated at about 5% O2 as normoxia [53, 55] as same as 21% O2.  
2.3.1.1.2 Two million cells samples 
The calibration curve in figure (1) in appendix A was used to measure the concentration of Zn in all 
samples in this experiment (c). The results obtained from these samples are shown in the 
following table (7) and presented in figure (11).  
Oxygen 
level 
Concentration (ppb) of Zn 
in 2m control cells/ 2ml  
Concentration (ppb) of Zn 
in 2m stressed cells/ 2ml  
% of change in Zn 
 n=2 n=2 2m cells 1m cells 
5% O2 103.54 +/- 0.7 103.99 +/- 0.2 0.4 0.1 
15% O2 117.7 +/- 2.1 121.81 +/- 1.9 4.0 9.0 
25% O2 122.94 +/- 0.2 130.05 +/- 2.4 6.0 15.0 
35% O2 106.17 +/- 0.001 123.26 +/- 1.0 16.0 17.0 
40% O2 110.91 +/- 1.7 129.41 +/- 2.0 17.0 18.0 
45% O2 113.29 +/- 2.2 133.28 +/- 2.0 18.0 18.0 
Table 7: Concentration of Zn in 2 m control cells and 2 m cells grown under stress conditions for 24 hours (mean +/- 
range), (c) experiment, and comparison between % of changes occurring in Zn concentration in 1m and 2m cells 
incubated under stress conditions for 24 hours. 
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Figure 11: Shows concentration of Zn in 2m control cells at 21%O2 and 2m cells incubated under stress conditions for 24 
hours, (C) experiment. Error bars show the range of 2 replicate measurements. X axis is oxygen levels. Note: each 
stressed cell sample has its own matched control cell sample taken from the same batch, same passage number, at the 
same time, to enable valid comparison. 
As seen in the figure and the table above, 2m cells samples produced the same results with 
respect to the rise in Zn concentration in cells incubated under stress conditions for 24 hours. 
Similarly to 1m cells samples, there was no change at 5% of oxygen but a noticeable growth at 
other levels. It is worth mentioning, the two control cells samples (1m and 2m) in each 
experiment, at a certain level of O2, are comparable as they were produced from the same cells 
batch, passage and flask. In the same way, the two stressed cells samples are comparable. Indeed, 
all 2m control and stressed cells samples gave approximately the double concentration of Zn in 1m 
cells samples. The variation of Zn concentration between 1m and 2m samples in some cases may 
be due to the random errors that may occur during the preparation and analysis. 
As stated previously in (2.3.1), In order to compare between the two experiments, 1m and 2m 
cells, and test the reproducibility and the accuracy of the method used for analysis, paired t-test 
by using Excel have been applied. Every two samples (1m and 2m) of either control samples or 
stressed cells samples at a particular level of oxygen have been compared. This t test was used at 
5% probability level to test whether the two methods do not differ significantly at all levels of 
oxygen. Indeed, the calculated value of t which is 1.75 does not exceed the critical value of 2.57 
and thus the null hypothesis is retained at 5% probability level for samples of 1m and 2m cells 
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incubated under oxidative stress. In fact, at all levels of oxygen the two methods gave 
approximately the same result if we divide Zn concentration in 2m cells samples by 2.  
In addition, two-tailed f-test was performed in order to test whether the difference between the 
two sample variances is significant or not. The null hypothesis is that the variances of the two 
methods for determining Zn in 1m and 2m cells samples do not differ significantly. F-test was 
performed including the averages of all samples at all levels of oxygen for both types of cells 
(control and stressed). The calculated value of f is less than the critical one, so there is no 
significant difference between the two variances at the 5% of significance level. Subsequently, the 
null hypothesis is true and no evidence to reject it and the two methods give the same results 
regardless of the random variation. The results of f-test are shown below in figure (12). 
(a)  (b)  
Figure 12: Shows the calculated and critical values of two-tail f-test for (a) 1m and 2m control cells (b) 1m and 2m 
stressed cells. 
In conclusion, samples with 1 million cells can be used to perform the analysis in terms of 
precision, accuracy and reproducibility and it is not needed to increase the number of cells in 
samples to obtain accurate results. Either 1m or 2m can be used to prepare the samples. However, 
1 million cells are preferable to prepare the samples as explained before in (2.3.1).  
2.3.1.2 Copper 
Cu63 was selected to represent copper in muscle cells and measured by ICP-MS in this project. 
There are two isotopes of copper, 63 and 65 with a percentage of abundance of 69.17% and 
30.83%, respectively. Both of them have no isobaric interferences but there are polyatomic 
overlaps with each isotope, such as (15N16O16O16O) and (23Na40Ar) for Cu63 and (23Na23Na18O1H) for 
Cu65. Interestingly, both of them produced good results in the experiment carried out to test the 
Control cells 1m cells method 2m cells method
Mean 53 56
Standard deviation (s) 3.9 3.6
Variance (s2) 15 13
df 5 5
F (s1
2/s2
2) 1.2
α 0.025
F Critical two-tail 7.15
Stressed cells 1m cells method 2m cells method
Mean 59 62
Standard deviation (s) 6.5 5.3
Variance (s2) 42 28
df 5 5
F (s1
2/s2
2) 1.5
α 0.025
F Critical two-tail 7.15
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method and select the most appropriate isotope for each element of interest. Therefore, Cu63 was 
chosen to measure intracellular copper as it has higher abundance. 
The same experiments described in ((2.2.2.1) and (2.2.2.2)) and performed to measure zinc were 
carried out to measure copper in skeletal muscle cells. Three calibration curves were used to 
calculate copper concentration in all kind of cells as shown in appendix A in figures (4, 5 and 6). All 
calibration graphs showed good linearity with R values close to 1. The first one was used in the 
first experiments (1A and C) of incubating 1m/2m muscle cells at stress conditions for 24 hours. 
The second one was employed in the second experiment (1B) which was carried out to repeat (1A) 
experiment, and in 48 hours incubation experiments (2A). Finally, when the 48 hours cells’ 
incubation experiments (2A) were repeated the third calibration curve was used in (2B) 
experiment. All data obtained from the three experiments will be illustrated in the following 
paragraphs. 
2.3.1.2.1 One million cells samples 
All results obtained from the two experiments (1A and 1B) are shown in the following table (8) and 
figures (13 and 14). Grubb test was used to exclude the outliers’ readings of copper using the 
formula shown in (2.3.1).  
Similarly to Zn, the null hypothesis of these experiments is to investigate if the concentration of 
intracellular copper is affected negatively/positively by changing oxygen level or not and how 
significantly it is influenced. 
Oxygen 
level 
First experiments, 1A Second experiments, 1B 
 
Concentration 
(ppb) of Cu in 1m 
control cells/ 2ml, 
n= 3 
Concentration 
(ppb) of Cu in 1m 
stressed cells/ 2ml, 
n= 3 
Concentration 
(ppb) of Cu in 1m 
control cells/ 2ml, 
n= 5 
Concentration 
(ppb) of Cu in 1m 
stressed cells/ 2ml, 
n= 5 
1%O2 2.53 +/- 0.2 3.05 +/- 0.2 1.62 +/- 0.2 1.98 +/- 0.4 
5%O2 2.82 +/- 0.1 2.83 +/- 0.1 2.01 +/- 0.2 2.02 +/- 0.2 
10%O2 2.77 +/- 0.2 2.93 +/- 0.2 5.35 +/- 0.5 5.57 +/- 0.5 
15%O2 2.53 +/- 0.2 2.64 +/- 0.1 1.16 +/- 0.1 1.23 +/- 0.03 
25%O2 2.99 +/- 0.3 3.49 +/- 0.2 0.96 +/- 0.1 0.99 +/- 0.04 
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30%O2 3.62 +/- 0.2 4.46 +/- 0.2 1.61 +/- 0.1 2.13 +/- 0.2 
35%O2 2.31 +/- 0.2 3.0 +/- 0.1 1.10 +/- 0.1 1.46 +/- 0.1 
40%O2 3.27 +/- 0.5 4.52 +/- 0.2 1.56 +/- 0.1 2.16 +/- 0.03 
45%O2 2.95 +/- 0.3 4.18 +/- 0.2 2.37 +/- 0.2 3.31 +/- 0.4 
50%O2 1.52 +/- 0.1 2.37 +/- 0.2 5.06 +/- 0.1 7.62 +/- 0.5 
55%O2 1.97 +/- 0.2 3.29 +/- 0.1 1.71 +/- 0.1 2.74 +/- 0.1 
60%O2 1.76 +/- 0.1 3.18 +/- 0.3 1.90 +/- 0.2 3.62 +/- 0.3 
Table 8: Concentration of Cu in 1m control cells and 1m cells incubated under oxidative stress for 24 hours (mean +/- 
standard deviation of n replicate measurements), 1A and 1B experiments. 
 
Figure 13: Shows concentration of Cu in 1m control cells and 1m cells grown under hypoxic/hyperoxic conditions for 24 
hours, (1A) experiment. Error bars show the standard deviation of 3 replicate measurements. X axis is oxygen levels. 
Note: each stressed cell sample has its own matched control cell sample taken from the same batch, same passage 
number, at the same time, to enable valid comparison. 
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Figure 14: Shows concentration of Cu in 1m control cells and 1m cells grown under hypoxic/hyperoxic conditions for 24 
hours, (1B) experiment. Error bars show the standard deviation of 5 replicate measurements. X axis is oxygen levels. 
Note: each stressed cell sample has its own matched control cell sample taken from the same batch, same passage 
number, at the same time, to enable valid comparison. 
As noticed in the previous table that the concentration of copper in control cells is different in 
both series of experiments, 1A and 1B, as a different batch of cells was used for each set of 
experiments. Moreover, there are variations in copper concentration in control cells within each 
series of experiments because of the difference in their passage number and the dissimilar 
environments the cells were incubated in. So it was expected to obtain those varied 
concentrations. But to prove that and see if the variation is significant or not, two-way ANOVA test 
can be employed here at 5% significance level to test whether the means concentration of Cu in 
control cells are equal in both cells’ batches and to test the effect of the two factors that may have 
influenced on all data of control cells. The first factor which is the controlled one is the cells’ 
incubation into normal incubator at 21% O2 and the other factor is the two different cells’ batches 
used for each experiment. This latter factor had contributed to all variability in data of control cells 
by 3% whereas the first factor caused a variation by 38% which was expected due to a group of 
factors combined together causing a variation. However, this powerful test shows that the means 
concentrations of Cu in control samples are equal and these two factors caused a variation which 
is not significant in data. So there is no evidence to reject the hypothesis which states that they 
are equal.  
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Importantly, the concentration of copper increased accordingly to the oxygen level’s increase in 
each series of experiments as clear in the two figures (13 and 14). However, in both set of 
experiments, there was no change in copper concentration at 5% of oxygen similarly to zinc.  
So this level of oxygen is counted as a normoxia for intracellular copper. On contrary to zinc, there 
was a slight change in copper concentration seen at 10% of oxygen in both series of experiments. 
But this small increase appears not to be significant due to the overlap of confidence intervals for 
the control and stressed data means as indicated by error bars in figures (13 and 14). 
In order to understand how significant the concentration of copper was influenced by oxidative 
stress conditions and to compare between the two series of experiments, the percentage of 
change occurring in copper concentration at each level of oxygen is measured as shown before in 
(2.3.1.1.1) and is illustrated in the following table (9) and figure (15). 
Oxygen level 
% of change in Cu 
(First experiments, 1A) 
% of change in Cu 
(Second experiments, 1B) 
1% O2 21.0 +/- 4.0 22.0 +/- 1.0 
5% O2 0.4 +/- 1.0 0.3 +/- 3.0 
10% O2 6.0 +/- 4.0 4.0 +/- 4.0 
15% O2 4.0 +/- 3.0 6.0 +/- 1.0 
25% O2 17.0 +/- 3.0 3.0 +/- 1.0 
30% O2 23.0 +/- 3.0 32.0 +/- 4.0 
35% O2 30.0 +/- 2.0 33.0 +/- 5.0 
40% O2 38.0 +/- 3.0 38.0 +/- 1.0 
45% O2 41.0 +/- 5.0 40.0 +/- 7.0 
50% O2 55.0 +/- 6.0 51.0 +/- 4.0 
55% O2 67.0 +/- 3.0 61.0 +/- 4.0 
60% O2 80.0 +/- 9.0 91.0 +/- 7.0 
Table 9: The percentage of change occurring in Cu concentration in 1m cells incubated under stress conditions for 24 
hours (mean +/- SEM), 1A experiment (n=3) and 1B experiment (n=5). 
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(a)   
(b)  
(c)  
Figure 15: Shows the percentage of change occurring in Cu concentration in 1m cells grown under stress conditions for 
24 hours (a) 1A experiment, error bars show SEM of 3 replicate measurements (b) 1B experiment, error bars show SEM 
of 5 replicate measurements (c) the pooled percentage of change, error bars show the range of the two means.  
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It is obvious in the figures above that the two sets of experiments produced the same results 
regardless of the values of copper change. So the percentage of change in Cu can be pooled as 
shown in figure (15, c). Interestingly, there is an upward trend in copper concentration in both 
experiments. So the concentration of copper went up dramatically by increasing oxygen level on 
cultured cells.  
In more details, the two sets of experiments gave similar results at 1% and 35%-60% of oxygen 
with respect of the change occurring in intracellular copper concentration by rising oxygen level. It 
is worth mentioning that there was a jump in copper concentration at 60% O2 in the second 
experiments and this is higher than the change occurred in the first experiments. However, when 
the relative standard deviations of each set of replicates of control and stressed cells samples at 
60% oxygen in each experiment are compared it is concluded that the result obtained from the 
first experiments is more accurate. The relative standard deviation of control samples in the first 
and second experiments are 7% and 12%, respectively. And for samples with cells incubated at 
60% O2 in the first experiments is 1% while in the second experiments is 9%. 
Similarly to 60% of oxygen, the two experiments produced slightly different results at 25% of 
oxygen. In the second experiments there was a very slight change in copper concentration while it 
was considerably higher in the first experiments. In order to compare between the two results the 
relative standard deviations should be calculated to decide which experiments are more accurate. 
In fact, the relative standard deviations of the replicates of control/stressed cells at this level of 
oxygen in the two experiments are similar. In 1A experiment, the relative standard deviations of 
the three replicates of control samples are 10% and for samples with stressed cells is 5%. And the 
relative standard deviation of the five replicates of control samples in 1B experiment is 9% and for 
stressed cells’ samples is 4%. So it can be concluded that there was indeed a change occurring in 
copper concentration at 25% oxygen but the question is how significantly did the concentration of 
copper increase at this level of oxygen?    
Consequently, it can be concluded that the concentration of copper increased steadily with the 
growth of oxygen level by an average of 29% from 25% to 40% of oxygen and by an average of 
25% from 40% to 60% of oxygen. In addition, there was a significant growth in copper level at 1% 
of oxygen which is about 20% of its original concentration in control muscle cells whereas just a 
slight change of an average of 5% and 5% occurred at 10% and 15% of oxygen, respectively. 
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In addition, to test whether the two replicates experiments do not differ significantly paired t-test 
was used at 5% significance level for the differences between all control and stressed cells in each 
experiment as shown in figure (16). So the null hypothesis states that there is no significant 
difference between the two replicates experiments results. Indeed, as seen in figure (16) that the 
calculated value of t does not exceed the critical value at 5% probability level. Thus, there is no 
evidence to reject the null hypothesis and accordingly the results obtained from the two 
experiments are not different significantly. 
 
Figure 16: Shows paired t-test used to compare between the two replicates experiments of Cu (1A and 1B).  
Overall, the concentration of copper is significantly affected by oxidative stress applied on cells by 
changing oxygen levels. In fact, copper is required for antioxidant enzymes such as superoxide 
dismutase which catalyzes the conversion of superoxide radical generated from oxidative stress 
process into oxygen and hydrogen peroxide radicals, which are decayed by catalase and 
glutathione peroxidase. Copper ion has the role to dismutase the radical (converts the superoxide 
free radicals to hydrogen peroxide which is then catalysed to water) whereas zinc ion is 
responsible for the structural function as mentioned in (1.1.6.3). So it is not surprising when 
copper concentration increased with oxygen increase as the cells need this important element to 
defend against ROS and consequently maintain their oxidant-antioxidant balance. And as the 
oxygen level increases copper concentration goes up to protect the cells. 
Paired t-test
Oxygen level 1A 1B Difference (1A-1B)
1% 0.52 0.36 0.17
5% 0.01 0.00 0.01
10% 0.16 0.23 -0.07
15% 0.11 0.07 0.04
25% 0.50 0.03 0.47
30% 0.84 0.52 0.32
35% 0.69 0.36 0.33
40% 1.25 0.60 0.65
45% 1.22 0.95 0.27
50% 0.84 2.56 -1.72
55% 1.32 1.04 0.28
60% 1.41 1.72 -0.30
n= 12 0.04
0.61
0.22
2.20
(Stressed cells - Control cells)
Mean
Standard Deviation (SD)
Calculated t (mean*SQRT(12)/SD)
Critical t
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2.3.1.2.2 Two million cells samples 
The data obtained from these 2m cells samples experiments (C experiment) are shown in the 
following table (10) and figure (17). Calibration curve in figure (4) in appendix A was used to 
measure copper concentration in all these samples as they were analysed with 1m cells’ samples 
(1A experiment) mentioned in (2.3.1.2.1) at the same time. Two replicates of each sample of 
control cells and two of stressed cells were used. So the average was obtained and used to 
represent the data in the following table (10).  
Oxygen 
level 
Concentration (ppb) of Cu 
in 2m control cells/ 2ml,  
Concentration (ppb) of Cu 
in 2m stressed cells/ 2ml,  
% of change in Cu 
 n=2 n=2 2m cells 1m cells 
5% O2 5.68 +/- 0.2 5.81 +/- 0.2 2.0 0.4 
15% O2 4.60 +/- 0.2 4.84 +/- 0.5 5.0 4.0 
25% O2 5.85 +/- 0.6 7.40 +/- 0.3 26.0 17.0 
35% O2 4.30 +/- 0.4 5.73 +/- 0.3 33.0 30.0 
40% O2 6.73 +/- 1.0 9.47 +/- 0.5 41.0 38.0 
45% O2 6.01 +/- 0.1 8.80 +/- 0.7 46.0 41.0 
Table 10: Concentration of Cu in 2 m control cells and 2m cells incubated under oxidative stress conditions for 24 hours 
(mean +/- range), (c) experiment, and comparison between % of changes occurring in Cu concentration in 1m and 2m 
cells incubated under stress conditions for 24 hours. 
 
Figure 17: Show concentration of Cu in 2m control cells and 2m cells grown at stress conditions for 24 hours, (C) 
experiment. Error bars show the range of 2 replicate measurements. X axis is oxygen levels. Note: each stressed cell 
sample has its own matched control cell sample taken from the same batch, same passage number, at the same time, to 
enable valid comparison. 
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As clear from the previous figure that 2m cells’ samples produced relatively the same results of 1m 
cells samples at those six levels of oxygen if they are divided by 2. Generally, 2m cells’ samples 
produced double concentration of copper at most levels of oxygen in both control cells and cells 
grown at stress conditions. However, there was a growth in copper concentration at all levels of 
oxygen in 2m cells incubated under hypoxic/hyperoxic conditions by an average of 4%. 
Interestingly, there was a slight change of 2% in copper concentration at 5% of oxygen in 2m cells 
grown at stress conditions whereas no change in 1m stressed cells as stated previously in 
(2.3.1.2.1). Can this change be ignored as it is due to random errors or contamination introduced 
to these samples during the preparation process? To answer this question and before using paired 
t-test and two-tail f-test to compare between the two methods of 1m and 2m, the percentage of 
change occurring in copper concentration in cells incubated under oxidative stress in both 1m and 
2m samples as shown above in table (10) should be compared. 
It is obvious from the table that there was a general increase in the percentage of change 
occurring in copper concentration in all samples of 2m cells incubated under oxidative stress for 
24 hours. And the upward trend in the percentage of change obtained from this method is 
consistent to 1m cells’ samples method. So the change at 5% in 2m cells can be ignored and this 
level is a normoxic and not considered as hypoxic for intracellular copper. In order to understand 
further if the two methods are equivalent without significant changes between them, paired t-test 
and f-test have been employed. It is worth mentioning, the control samples in both methods are 
comparable as their cells were obtained from the same cells’ batch, passage and flask. In the same 
way, the samples of cells incubated under oxidative stress are comparable.  
As said before in (2.3.1) that the comparison between all samples of control and stressed cells at 
all levels of oxygen can be done by using paired t-test as it considers the additional variation 
resulting from the independence of the observations. The result of this test is shown below in 
figure (18) and confirms that there is no significant difference between the two methods.  
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Figure 18: Shows paired t-test for Cu concentration in the two experiments of 1m cells (1A) and 2m cells (c).  
Moreover, two-tailed F test was performed in order to test whether the difference between the 
two sample variances is significant or not. The null hypothesis is that the variances of the two 
methods for determining copper in 1m and 2m cells samples do not differ significantly. Similarly to 
t-test, the calculated value is less than the critical one as shown below in figure (19), so there is no 
significant difference between the two variances at the 5% significance level. Consequently, the 
null hypothesis is true and the variances of the two methods do not differ significantly regardless 
of the random variation.  
(a)  (b)  
Figure 19: Shows two-tail f-test for Cu concentration in the two experiments of 1m and 2m cells (a) control cells’ samples 
(b) samples of cells grown at stress conditions for 24 hours. 
In conclusion, the result obtained from the comparison between 1m and 2m cells’ samples 
methods for measuring copper in stressed cells is as same as the result concluded in Zn. Briefly, 
samples with 1 million cells can be efficiently used to perform the analysis in terms of precision 
Paired t-test
Oxygen level 1m cells 2m cells Difference ((2m/2)-1m)
5% 0.01 0.13 0.05
15% 0.11 0.24 0.01
25% 0.50 1.54 0.27
35% 0.69 1.43 0.02
40% 1.25 2.74 0.12
45% 1.22 2.78 0.17
n= 6 0.11
0.10
2.55
2.57
Mean
Standard Deviation (SD)
Calculated t (mean*SQRT(6)/SD)
Critical t
(Stressed cells - Control cells)
Control cells 2m cells method 1m cells method
Mean 2.8 2.8
Standard deviation (s) 0.46 0.35
Variance (s2) 0.2 0.1
df 5 5
F (s1
2/s2
2) 1.7
α 0.03
F Critical two-tail 7.15
Stressed cells 2m cells method 1m cells method
Mean 3.5 3.4
Standard deviation (s) 0.93 0.76
Variance (s2) 0.9 0.6
df 5 5
F (s1
2/s2
2) 1.5
α 0.03
F Critical two-tail 7.15
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and accuracy and it is not required to increase the number of cells in samples to obtain good 
consistent results. 1 million cells sample is preferable to prepare for the reasons stated previously 
in (2.3.1). As a result, one million cells samples were used to perform 48 hours incubation 
experiments as will be explained later in (2.3.2.2). 
2.3.1.3 Iron 
Iron57 with abundance of 2.20% was selected to measure iron in skeletal muscle cells. Iron56 is the 
most abundant isotope but it has polyatomic interferences with 40Ar16O and other overlaps which 
make its measurement very difficult and more likely wrong. The other two isotopes, Fe54 and Fe58, 
have isobaric interferences with Cr54 and Ni58, respectively, and other polyatomic overlaps (54ArN+) 
which lead to incorrect measurements. However, the KED mode of quadruple ICP-MS was applied 
to minimize the interferences as it has a collision/reaction cell with helium gas mentioned earlier 
in (1.1.1.4.1). 
The same experiments explained in ((2.2.2.1) and (2.2.2.2)) and described earlier in (2.3.1.1) and 
(2.3.1.2) were performed to measure Fe57 in ppb in cultured muscle cells. Calibration curves of Fe57 
are shown in figures (7-9) in appendix A and were used to quantify Fe in all kinds of cells. Three 
calibration curves were obtained and used in each certain experiment as will be stated below each 
figure. All calibration graphs showed good linearity with R values close to 1. 
2.3.1.3.1 One million cells samples 
The results obtained from the oxidative stress experiments (1A and 1B) are shown below in figures 
(20 and 21) and table (11). Calibration curves in figure (7) and (8) in appendix A were used to 
measure iron in (1A) and (1B) experiments, respectively. Grubb test was used to exclude the 
outliers’ readings of iron as its formula shown in (2.3.1.1.1). Similarly to Zn and Cu, the null 
hypothesis of these experiments is to investigate if the concentration of intracellular iron is 
influenced negatively/positively by changing oxygen level or not and how significant it is affected. 
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Oxygen 
level 
First experiments, 1A Second experiments, 1B 
 
Concentration 
(ppb) of Fe in 1m 
control cells/ 2ml, 
n= 3 
Concentration 
(ppb) of Fe in 1m 
stressed cells/ 2ml, 
n= 3 
Concentration 
(ppb) of Fe in 1m 
control cells/ 2ml, 
n= 5 
Concentration 
(ppb) of Fe in 1m 
stressed cells/ 2ml, 
n= 5 
1%O2 11.35 +/- 0.6 11.41 +/- 0.3 10.44 +/- 1.2 10.43 +/- 0.8 
5%O2 15.83 +/- 0.8 15.94 +/- 0.9 9.32 +/- 0.9 9.35 +/- 0.5 
10%O2 14.98 +/- 0.1  15.1 +/- 0.2 26.73 +/- 1.6 26.92 +/- 0.9 
15%O2 16.12 +/- 1.1 16.23 +/- 0.5 12.76 +/- 0.5 12.80 +/- 0.3 
25%O2 17.46 +/- 1.3 18.32 +/- 1.3 10.60 +/- 0.8 11.10 +/- 0.5 
30%O2 32.28 +/- 2.8 29.28 +/- 5.4 11.76 +/- 0.2 13.02 +/- 0.4 
35%O2 13.08 +/- 1.0 11.98 +/- 6.3 12.60 +/- 1.0 14.12 +/- 0.5 
40%O2 13.74 +/- 0.8 16.49 +/- 0.7 17.17 +/- 0.4 19.73 +/- 0.6 
45%O2 16.41 +/- 1.4 20.2 +/- 0.3 26.46 +/- 1.0 30.88 +/- 1.2 
50%O2 10.13 +/- 1.8  12.8 +/- 0.2 27.24 +/- 1.0 32.25 +/- 1.5 
55%O2 13.6 +/- 0.9 17.26 +/- 0.3 24.79 +/- 1.4 29.40 +/- 1.6 
60%O2 16.27 +/- 0.4 21.2 +/- 0.9 25.00 +/- 1.4 30.53 +/- 1.6 
Table 11: Concentration of Fe in 1m control cells and 1m cells incubated under oxidative stress conditions for 24 hours 
(mean +/- standard deviation of n replicate measurements), 1A and 1B experiments. 
 
Figure 20: Concentration of Fe in 1m control cells and 1m cells incubated under oxidative stress conditions for 24 hours, 
1A experiment. Error bars show the standard deviation of 3 replicate measurements. X axis is oxygen levels. Note: each 
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stressed cell sample has its own matched control cell sample taken from the same batch, same passage number, at the 
same time, to enable valid comparison. 
 
Figure 21: Concentration of Fe in 1m control cells and 1m cells incubated under oxidative stress for 24 hours, 1B 
experiment. Error bars show the standard deviation of 5 replicate measurements. X axis is oxygen levels. Note: each 
stressed cell sample has its own matched control cell sample taken from the same batch, same passage number, at the 
same time, to enable valid comparison. 
In order to understand how Fe was affected by increasing the level of oxygen and compare 
between the two sets of experiments, the percentage of change occurring in Fe concentration are 
measured and shown below in the following table (12) and figure (22). 
Oxygen level 
% of change in Fe 
(first experiments, 1A) 
% of change in Fe 
(second experiments, 1B) 
1% O2 0.5 +/- 1.0 -0.1 +/- 3.0 
5% O2 0.7 +/- 2.0 0.3 +/- 2.0 
10% O2 0.8 +/- 1.0 0.7 +/- 1.0 
15% O2 0.7 +/- 1.0 0.4 +/- 1.0 
25% O2 5.0 +/- 4.0 5.0 +/- 2.0 
30% O2 -9.0 +/- 27.0 11.0 +/- 1.0 
35% O2 -8.0 +/- 27.0 12.0 +/- 2.0 
40% O2 20.0 +/- 3.0 15.0 +/- 1.0 
45% O2 23.0 +/- 1.0 17.0 +/- 2.0 
50% O2 26.0 +/- 1.0 18.0 +/- 2.0 
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55% O2 27.0 +/- 1.0 19.0 +/- 3.0 
60% O2 30.0 +/- 3.0 22.0 +/- 3.0 
Table 12: The percentage of change occurring in Fe concentration in 1m cells grown at stress conditions for 24 hours 
(mean +/- SEM), 1A experiment (n=3) and 1B experiment (n=5). 
(a)   
(b)  
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(c)  
Figure 22: Shows the percentage of change occurring in Fe concentration in 1m cells grown under oxidative stress for 24 
hours (a) 1A experiment, error bars show SEM (n=3) and error bars at 30% and 35% are excluded as they are very wide 
(b) 1B experiment, error bars show SEM (n=5) (c) the pooled percentage of change, error bars show the range of the two 
means (error bars at 30% and 35% are excluded because they are very wide). 
Before explaining how iron was affected by oxidative stress conditions the two sets of results 
obtained from the two replicates experiments should be compared. As seen in figure (22) that the 
two experiments produced the same upward trend in the change occurring in Fe concentration 
from 40% to 60% of oxygen regardless of the values and the different percentage of change in 
each set of the two experiments. Therefore, the percentage of change can be pooled as shown in 
figure (22, c). It is worth noting that the percentage of change in Fe concentration is equal at 50% 
and 55% in each experiment. So it can be said that the change in iron concentration increased 
gradually by changing oxygen level from 40% to 60% and remained stable at 50% and 55% before 
reaching the highest point at 60%.  
Interestingly, there was no change in iron concentration at 1%-15% of oxygen. A very slight change 
occurred which can be ignored as it resulted from random errors between replicates 
measurements in each experiment. More interestingly, the two experiments produced the same 
change in iron by an average of 4.8% at 25% of oxygen. However, the first experiment (1A) showed 
a completely different result at 30% and 35% from the second experiment (1B) which produced 
expected results at these two oxygen levels. The second experiment showed a dramatic growth in 
iron concentration by varying the oxygen level from 25% to 60%. On the other hand, 1A showed a 
decrease in iron concentration at 30% and 35% by 9.3% and 8.4%, respectively. 
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The coefficient of variation can be used to compare between the two sets of data obtained from 
cells exposed to stress conditions for 24 hours at 30% and 35% of oxygen in both replicates 
experiments. In fact, the relative standard deviations of replicates measurements of cells’ samples 
exposed to 30% and 35% O2 are 53% and 52%, respectively, in the first experiments which are 
much higher than their values of 8% and 3%, respectively, in the second experiments.  
Therefore, it can be initially concluded that the results obtained from the second experiments 
(1B), which were developed in terms of the method used for analysis as mentioned in (2.2.2.3), are 
more precise than the first experiments (1A). Consequently, the second experiments’ data 
obtained at 30% and 35% of oxygen will be used in the discussion below.  
From figure (22), it is obvious that the concentration of iron in cells grown at stress conditions for 
24 hours did not change at 1%-15% of oxygen. Thus, it can be concluded that oxygen levels from 
1% to 15% are normoxia for intracellular iron. However, when the oxygen level was increased to 
25% the concentration of iron increased slightly by an average of 4%.  
Interestingly, the concentration of iron grew steadily by an average of 2% each level (30%-50%) 
and then it seemed to have leveled off at 55% before increasing sharply at 60%. 
There are two factors may have caused a variation in data obtained from both replicates 
experiments which are the replicates experiments themselves and the different levels of oxygen 
used in each experiment associating with different cells’ passages and day-to-day laboratory 
conditions. Consequently, two-way ANOVA test at 5% significance level can be employed to test 
whether the two mentioned factors had affected the data obtained from both experiments and 
what proportion of all variability in data is related to each factor. As seen in figure (23) below, the 
two replicates experiments had not caused a significant variation in data as the calculated f is 
much less than the critical one and subsequently they are equal with respect to their results. On 
the other hand, the other factor of oxygen levels had caused variability in data by 82% which may 
be resulted from the significant difference at 30% and 35% oxygen between the two experiments 
in addition to the variation resulted from the different passage numbers at each level of oxygen 
and day-to-day laboratory conditions.  
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Figure 23: Shows two-way ANOVA test for the two factors causing variability in data of the percentage of change 
occurring in Fe concentration in both experiments. 
Overall, it can be concluded that iron is similar to Cu and Zn mentioned previously. Its intracellular 
concentration is increased dramatically by increasing the oxygen level more than 15%. It seems 
that from 1% to 15% O2 are considered as normoxia conditions for iron in muscle cells and thus do 
not affect its concentration. 
2.3.1.3.2 Two million cells samples 
The same experiments (C) shown in (2.3.1.3.1) were repeated by using 2m cells’ samples. 
Calibration curve in figure (7) in appendix A was used to measure iron in all these samples as they 
were analysed with 1m cells’ samples mentioned in (2.3.1.3.1) at the same time. The data 
obtained from the 2m cells’ samples experiments is shown below in table (13) and figure (24).  
Grubbs test was used to exclude the outliers (the suspect value). 
Oxygen 
level 
Concentration (ppb) of Fe in 
2m control cells/ 2ml  
Concentration (ppb) of Fe in 
2m stressed cells/ 2ml  
% of change in Fe 
 n=2 n=2 2m cells 1m cells 
5% O2 30.61 +/- 1.2 30.82 +/- 0.2 0.7 0.7 
15% O2 30.47 +/- 5.2 30.68 +/- 1.3 0.7 0.7 
25% O2 36.55 +/- 4.6 38.05 +/- 3.4 4.0 5.0 
35% O2 25.66 +/- 0.4 30.45 +/- 2.0 19.0 -8.0 
40% O2 25.78 +/- 1.9 32.31 +/- 3.1 25.0 20.0 
45% O2 32.09 +/- 1.3 41.12 +/- 2.1 28.0 23.0 
Table 13: Concentration of Fe in 2m control cells and 2m cells grown under stress conditions for 24 hours (mean +/- 
range), (c) experiment, and comparison between % of changes occurring in Fe concentration in 1m and 2m cells 
incubated under stress conditions for 24 hours. 
Source of Variation
SS (sum of 
squares)
df (degree of 
freedom)
MS (mean 
square)
F 
(calculated)
P-value F (critical)
(Eta)2 
(SS/SST)
% 
contribution 
of variation 
(Eta)2 x 100
Oxygen levels 2546 11 231 4.7 0.01 2.8 0.8 82
Two replicates 
experiments
0.4 1 0.4 0.01 9.00E-01 4.8 0.0001 0.01
Random error 544 11 49 0.2 18
Total (SST) 3090 23
82 
 
 
Figure 24: Shows concentration of Fe in 2m control cells and 2m cells incubated under stress conditions for 24 hours, (c) 
experiment. Error bars show the range of 2 replicate measurements. X axis is oxygen levels. Note: each stressed cell 
sample has its own matched control cell sample taken from the same batch, same passage number, at the same time, to 
enable valid comparison. 
As seen in the figure above that the 2m cells’ samples experiments produced generally the same 
results obtained from 1m cells experiments. There was no change in iron concentration at 5% and 
15% and a very small impact at 25%. Moreover, there was a growth in iron concentration from 
35% to 45% which is equivalent to the results got from 1m cells experiments.  
Generally, the 2m cells’ samples produced double concentrations of Fe obtained from 1m cells’ 
samples in both control and stressed cells at all levels of oxygen if they are divided by 2. However, 
there was a significant variation at 35% O2 in 1m and 2m cells grown at stress conditions. 2m cells’ 
samples did not produce the double amount of Fe existing in 1m cells which confirms our 
conclusion mentioned in (2.3.1.3.1) that the results of the second experiments (1B) of 1m cells is 
more accurate and precise than the first experiments (1A). And it confirms that the concentration 
of Fe is increased by changing oxygen level to 35% for 24 hours. Therefore, the results obtained 
from (1A) experiment, which showed that Fe concentration deceased in cells incubated at 35% O2 
for 24 hours and did not increase, are not correct. 
In order to see how iron concentration was affected by changing oxygen level in 2m cells, the 
percentage of change occurring in iron concentration in 2m cells grown under hypoxic/hyperoxic 
conditions for 24 hours is shown in table (13) above in addition to 1m to compare. 
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As obvious from the table that the two results obtained from 1m and 2m cells at 5% and 15% O2 
are consistent.  Both experiments showed that iron concentration was not affected by 5% or 15% 
O2 applied on cells for 24 hours. Equally, iron concentration increased by an average of 4.5 % at 
25% O2 in both types of cells’ samples. However, as seen in table (13) that there was a growth of 
an average of 5% in the change occurred in iron concentration in 2m cells at 40% and 45% O2. 
Noticeably, a significant variation between 1m and 2m cells’ samples results at 35% O2. An 
increase of 19% occurred in iron concentration in 2m cells grown at 35% whereas a decrease of 8% 
occurred in 1m cells. But the data obtained from the second experiments of 1m cells’ samples are 
consistent with 2m cells’ samples results which is understandable. Consequently, the results 
obtained from the first experiments of 1m cells’ samples at 30% and 35% O2 are rejected and 
systematic errors may have occurred during samples’ preparation or analysis process. As a result 
of this rejection 30% and 35% O2 are considered as hyperoxia for iron in skeletal muscle cells. 
Paired t-test and two-tailed f-test by using Excel have been used to compare between the two 
methods of 1m and 2m cells as done earlier with Zn and Cu. The measurements of the two tests 
are illustrated below in figures (25 and 26). T test and F test showed that the two means of the 
differences within each pair of measurements at each level of oxygen and variances, respectively, 
of the two methods (1m and 2m cells) do not differ significantly at 5% probability level.  
  
Figure 25: Shows paired t-test for Fe concentration in the two experiments of 1m cells (1A) and 2m cells (C). 
Paired t-test
Oxygen level 1m cells 2m cells Difference ((2m/2)-1m)
5% 0.11 0.21 0.00
15% 0.11 0.21 0.00
25% 0.86 1.50 -0.11
35% -1.10 4.79 3.50
40% 2.75 6.53 0.52
45% 3.79 9.03 0.72
n= 6 0.77
1.38
1.37
2.57
(Stressed cells - Control cells)
Mean
Standard Deviation (SD)
Calculated t (mean*SQRT(6)/SD)
Critical t
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(a)  (b)  
Figure 26: Shows two-tail f-test for Fe concentration in the two experiments of 1m and 2m cells (a) control cells’ samples 
(b) samples of cells grown at stress conditions for 24 hours. 
In summary, the results obtained from the comparison between 1m and 2m cells’ samples 
methods for measuring iron in stressed cells is in agreement with the results concluded in zinc and 
copper. The two methods, 1m and 2m cells, do not differ significantly and the overall results are 
consistent, despite the clearly erroneous value at 35% O2 in experiment 1A which can be 
discounted. Samples with 1 million cells can be efficiently used to perform the analysis in terms of 
precision and accuracy and it is not required to increase the number of cells in samples. Therefore, 
1m cells were used to perform the experiments of 48 hours incubation under oxidative stress 
conditions as will be explained later. 
2.3.1.4 Manganese 
This element has one isotope (Mn55) which has no isobaric interferences but its concentration in 
muscle cells is very low and its background in the blank processed like the cells’ samples is just 
below its concentration in the cells. It has polyatomic overlaps such as (15N40Ar) and (38Ar16O1H) 
but they can be minimized by using KED mode which employs a reaction/collision cell where 
helium gas reacts with interfering ions to remove/reduce them. Three calibration curves as shown 
in figures (10-12) in appendix A were obtained and used for each experiment as stated below each 
figure. All calibration graphs showed good linearity with R values close to 1. 
All experiments which were carried out for the three previous elements and explained earlier in 
(2.2.2.1) and (2.2.2.2) were performed for Mn as well and the results will be illustrated below. 
Control cells 2m cells method 1m cells method
Mean 15.1 15.4
Standard deviation (s) 2.05 1.68
Variance (s2) 4.2 2.8
df 5 5
F (s1
2/s2
2) 1.5
α 0.025
F Critical two-tail 7.15
Stressed cells 1m cells method 2m cells method
Mean 16.5 17
Standard deviation (s) 2.75 2.28
Variance (s2) 7.6 5.2
df 5 5
F (s1
2/s2
2) 1.5
α 0.025
F Critical two-tail 7.15
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2.3.1.4.1 One million cells samples 
The results of (1A and 1B) experiments are shown below in table (14) and figures (27 and 28). 
Grubb test was used to exclude the outliers’ readings of manganese as its formula shown in 
(2.3.1.1.1). Calibration curves in figure (10) and (11) in appendix A were used to measure Mn in 
(1A) and (1B) experiments, respectively.  
Oxygen 
level  
First experiments, 1A Second experiments, 1B 
 
Concentration 
(ppb) of Mn in 1m 
control cells/ 2ml, 
n= 3 
Concentration 
(ppb) of Mn in 1m 
stressed cells/ 2ml, 
n= 3 
Concentration 
(ppb) of Mn in 1m 
control cells/ 2ml, 
n= 5 
Concentration 
(ppb) of Mn in 1m 
stressed cells/ 2ml, 
n= 5 
1% O2 0.38 +/- 0.03 0.51 +/- 0.02 1.22 +/- 0.14 1.60 +/- 0.13 
5% O2 0.34 +/- 0.03 0.33 +/- 0.02 1.18 +/- 0.15 1.19 +/- 0.07 
10% O2 0.42 +/- 0.04 0.42 +/- 0.01 1.29 +/- 0.2 1.29 +/- 0.07 
15% O2 0.37 +/- 0.03 0.37 +/- 0.02 1.24 +/- 0.1 1.18 +/- 0.1 
25% O2 0.54 +/- 0.03 0.54 +/- 0.03 1.08 +/- 0.09 1.09 +/- 0.06 
30% O2 0.67 +/- 0.07 0.74 +/- 0.02 1.33 +/- 0.1 1.47 +/- 0.07 
35% O2 0.42 +/- 0.05 0.47 +/- 0.02 1.34 +/- 0.2 1.49 +/- 0.02 
40% O2 0.65 +/- 0.02 0.73 +/- 0.02 1.40 +/- 0.1 1.55 +/- 0.05 
45% O2 0.57 +/- 0.05 0.66 +/- 0.02 1.21 +/- 0.1 1.42 +/- 0.03 
50% O2 0.32 +/- 0.01 0.42 +/- 0.01 1.27 +/- 0.1 1.63 +/- 0.1 
55% O2 0.42 +/- 0.02 0.59 +/- 0.03 1.35 +/- 0.05 1.92 +/- 0.05 
60% O2 0.51 +/- 0.07 0.73 +/- 0.04 1.18 +/- 0.08 1.68 +/- 0.08 
Table 14: Concentration of Mn in 1m control cells and 1m cells incubated under stress conditions for 24 hours (mean +/- 
standard deviation of n replicate measurements), 1A and 1B experiments.  
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Figure 27: Shows the concentration of Mn in 1m control cells and 1m cells incubated under stress conditions for 24 
hours, 1A experiment. Error bars show the standard deviation of 3 replicate measurements. Note: each stressed cell 
sample has its own matched control cell sample taken from the same batch, same passage number, at the same time, to 
enable valid comparison. 
 
Figure 28: Shows the concentration of Mn in 1m control cells and 1m cells incubated under stress conditions for 24 
hours, 1B experiment. Error bars show the standard deviation of 5 replicate measurements. Note: each stressed cell 
sample has its own matched control cell sample taken from the same batch, same passage number, at the same time, to 
enable valid comparison. 
From the results shown above it can be obviously seen that there is a significant variation in Mn 
concentration between the two batches of cells used for the two replicates experiments as its 
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concentration in control cells in the first experiment (1A) is much lower than those in the second 
experiment (1B). However, the concentration is consistent in the same range in all control cells’ 
samples in each experiment. Two different means of control samples were obtained for the two 
replicates experiments of 0.47 ppb in (1A) experiment and 1.26 ppb for (1B) experiment. 
To test whether the two replicates experiments do not differ significantly, paired t-test was used 
for the differences between control and stressed cells’ samples in both experiments and the 
results are shown below in figure (29). 
 
Figure 29: Shows t-test used to compare between the two replicates experiments of Mn for the differences between 
control and stressed cells’ samples. 
As seen from the above figure (29) that the null hypothesis is rejected as the calculated value of t 
exceeds the critical at 5% significance level. So there is indeed a significant difference between the 
results obtained from the two replicates experiments and this difference comes from the fact that 
Mn level is so different in the two batches as shown above in table (14). Principally, Mn 
concentration is higher in the second batch of cells used to perform 1B experiment of 24 hours 
incubation and 2B experiment of 48 hours incubation as will be seen later in this chapter. 
Therefore, this initial concentration of Mn in this cells’ batch has led to this variation in the two 
sets of data.  
Paired t-test
Oxygen level 1A 1B Difference (1B-1A)
1% 0.13 0.38 0.25
5% -0.01 0.01 0.02
10% 0.00 0.00 0.00
15% 0.00 -0.07 -0.07
25% 0.01 0.01 0.00
30% 0.07 0.13 0.06
35% 0.05 0.15 0.10
40% 0.08 0.16 0.08
45% 0.09 0.21 0.12
50% 0.10 0.35 0.25
55% 0.17 0.57 0.40
60% 0.22 0.50 0.28
n= 12 0.12
0.14
3.05
2.20
(Stressed cells - Control cells)
Mean
Standard Deviation (SD)
Calculated t (mean*SQRT(12)/SD)
Critical t
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However, the questions can be raised here that which was the most significant factor that had 
contributed to the big variation between the two results? For control cells’ samples, was it the 
different cells’ batch (initial concentration of Mn) or the different cells’ passage performed at each 
level of oxygen which had contributed to this significant variation between the two experiments? 
It is worth noting here for control cells, they were incubated under atmospheric oxygen level 
(21%) and it is the same for all control samples in the two replicates experiments. So it cannot be 
accounted as a significant source causing a variation between the two sets of data as the case for 
stressed cells’ samples. 
On the other hand, for these latter samples the different oxygen levels used to apply on cultured 
cells in every experiment in addition to the difference in cells’ batch used for each series of 
experiments can be both accounted as significant factors that lead to a big variation between the 
two sets of data.  
To answer the previous question, it is required to use two-way ANOVA test (analysis of variance). 
It is worth mentioning before applying this test, random errors which cause different results each 
time a measurement is repeated under the same conditions should be accounted as a possible 
source of variation. In fact, ANOVA test gives always a value of this possibility of other errors. The 
results obtained from this test at 5% significance level are shown below in figure (30) for samples 
of cells incubated under stress conditions. The first null hypothesis is that the different oxygen 
levels used to generate oxidative stress on cells do not cause a significant variation between the 
two experiments. The second null hypothesis is that the two different cells’ batches used to carry 
out the two experiments do not introduce a significant variation.    
 
Figure 30: Shows two-way ANOVA test for samples of cells incubated under oxidative stress for 24 hours in the two 
replicates experiments (1A and 1B). 
Source of Variation
SS (sum of 
squares)
df (degree of 
freedom)
MS (mean 
square)
F 
(calculated)
P-value F (critical)
(Eta)2 
(SS/SST)
% 
contribution 
of variation 
(Eta)2 x 100
Oxygen levels 0.6 11 0.06 2.4 0.08 2.8 0.1 10
Cells' batch 5 1 5 213.1 1.50E-08 4.8 0.83 83
Other errors 0.3 11 0.02 0.05 5
Total (SST) 6 23
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As obvious from the figure above that the first null hypothesis is retained by comparing the 
calculated and critical values of f (2.4 ˂ 2.8), respectively. In contrast, the second null hypothesis is 
rejected as the critical value of f is much smaller than the calculated value (4.8 ˂ 213.1). And this 
means that the factor of using two different cells’ batch caused a significant variation between the 
two sets of data.  
Interestingly, by calculating the percent of eta value (sum of squares of a certain source of 
variation/total sum of squares *100) it can be concluded that 83% of variation in data  is related to 
the cells’ batch used in each group of experiments and only 10% caused by oxygen levels as shown 
in the figure above. In the same way, for control cells, the differences between the two cells’ 
batches contributed by 94% to the total variation. It is important to note that, as obtained from 
ANOVA test that the oxidative stress conditions (day-to-day variation) that the cells were exposed 
to did not cause a significant variation between the two replicates experiments and this means 
that if the percentage of change occurring in Mn concentration in cells exposed to oxidative stress 
is measured in the two experiments, the same results which are not different significantly will be 
obtained. 
Returning to the results of our replicates experiments, it can be seen that Mn concentration 
increased gradually but slightly by increasing oxygen level from 30% to 45% in both experiments. 
However, it went up sharply by rising oxygen level from 50%-60%. In order to compare further 
between the two replicates experiments and understand how Mn was affected by changing 
oxygen levels, percentage of change occurring in its concentration is measured and shown in the 
following figure (31) and table (15).  
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(a)   
(b)  
(c)  
Figure 31: Shows the percentage of change occurring in Mn concentration in 1m cells grown under oxidative stress for 
24 hours (a) 1A experiment, error bars show SEM (n=3) (b) 1B experiment, error bars show SEM (n=5) (c) the pooled 
percentage of change, error bars show the range of the two means. 
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Oxygen level 
% of change in Mn 
(first experiments, 1A) 
% of change in Mn 
(second experiments, 1B) 
1% O2 34.0 +/- 3.0 31.0 +/- 5.0 
5% O2 -3.0 +/- 3.0 0.5 +/- 3.0 
10% O2 0.5 +/- 2.0 0.1 +/- 3.0 
15% O2 0.5 +/- 2.0 -5.0 +/- 4.0 
25% O2 1.0 +/- 3.0 0.6 +/- 2.0 
30% O2 10.5 +/- 2.0 10.0 +/- 2.0 
35% O2 12.0 +/- 3.0 11.0 +/- 1.0 
40% O2 12.0 +/- 2.0 11.0 +/- 2.0 
45% O2 16.0 +/- 2.0 17.0 +/- 1.0 
50% O2 31.0 +/- 1.0 28.0 +/- 4.0 
55% O2 40.5 +/- 5.0 42.0 +/- 2.0 
60% O2 43.0 +/- 4.0 43.0 +/- 3.0 
Table 15: The percentage of change occurring in Mn concentration in 1m cells grown under stress conditions for 24 
hours (mean +/- SEM), 1A experiment (n=3) and 1B experiment (n=5). 
As expected earlier, the two replicates experiments showed the same ascending trend in the 
percentage of change occurring in Mn concentration by increasing oxygen level. Paired t-test can 
be used here to test whether the two experiments produced the same percentage of change in 
Mn concentration and do not differ significantly. Indeed, the null hypothesis is retained here as 
the calculated t (1.2) is less than the critical t (2.2) at 5% significance level. So the data obtained 
from the two experiments is consistent regardless of the significant difference between the two 
batches. And the percentage of change can be pooled as shown in figure (31, c). 
Further, at 1% of oxygen level, the two experiments showed an increase in Mn concentration by 
an average of 33% to be a hypoxic condition for intracellular Mn. From 5%-25%, both experiments 
produced similarly a very small change, regardless of the negative values obtained from each of 
them, which can be neglected comparing by the other significant changes to become a normoxia 
for Mn in cultured cells. In addition, the change occurring in Mn concentration seemed to have 
leveled off by an average of 11% between 30%-40% in both experiments before growing to an 
average of 16% at 45% O2. Noticeably, it increased sharply from 50%-60% in both experiments to 
reach an average of 30% at 50% O2 and grew by an average of 42% at 55%-60%. 
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In conclusion, as obtained from the two replicates experiments that the intracellular concentration 
of Mn was influenced significantly by changing oxygen level to 1% (hypoxia) and 45-60% 
(hyperoxia) whereas no impact at 5-25% (normoxia). Mn plays an important role as a cofactor for 
many antioxidant enzymes such as Mn-SOD which protect cells against deleterious ROS generated 
from oxidative stress conditions applied on cells. In fact, the two replicates experiments produced 
comparable results despite their significant difference in the initial concentration of Mn in each 
batch as confirmed by ANOVA test.  
2.3.1.4.2 Two million cells samples 
The same cells’ batch used to carry out (1A) experiment of 24 hours incubation was used also to 
perform this series of experiments (C) employing 2m cells in every single sample. Therefore, Mn 
initial concentration in those control samples of 2m cells was expected to be equal in the same 
range if they are divided by 2 to those of the first experiments.  
The calibration curve shown in figure (10) in appendix A was used to measure Mn concentration in 
all samples. The data obtained from this experiment was shown in the following table (16) and 
figure (32). The percentage of change occurring in Mn concentration was illustrated in the same 
table (16) and compared to 1m cells’ samples. Grubbs test was used to exclude the outliers (the 
suspect value). The purpose of this experiment is as stated previously with Zn, Cu and Fe. 
Oxygen level 
Concentration (ppb) 
of Mn in 2m control 
cells/ 2ml  
Concentration (ppb) 
of Mn in 2m stressed 
cells/ 2ml  
 
% of change in Mn  
 n=2 n=2 2m cells 1m cells 
5% O2 0.52 +/- 0.1 0.53 +/- 0.08 1.5 -3.0 
15% O2 0.79 +/- 0.09 0.8 +/- 0.16 1.0 0.5 
25% O2 0.92 +/- 0.15 0.94 +/- 0.08 2.0 1.0 
35% O2 0.89 +/- 0.04 0.99 +/- 0.16 12.0 12.0 
40% O2 0.99 +/- 0.005 1.14 +/- 0.1 16.0 12.0 
45% O2 0.88 +/- 0.08 1.03 +/- 0.02 17.0 16.0 
Table 16: Concentration of Mn in 2m control cells and 2m cells incubated under stress conditions for 24 hours (C) 
experiment (mean +/- range of 2 replicate measurements), and comparison between the changes occurring in Mn 
concentration in 1m and 2m cells incubated under oxidative stress conditions for 24 hours. 
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Figure 32: Shows concentration of Mn in 2m control cells and 2m cells incubated under stress conditions for 24 hours, 
(C) experiment. Error bars show the range of 2 replicate measurements. Note: each stressed cell sample has its own 
matched control cell sample taken from the same batch, same passage number, at the same time, to enable valid 
comparison. 
As noticed in table (16), first of all, the initial concentration of Mn in this experiment is as low as its 
concentration in 1m control cells’ samples in the first experiment (1A) mentioned above as they 
are both from the same cells’ batch and flask. Secondly, there is a variation between the results 
obtained from 1m cells revealed above in table (14) and this data in the table above if the latter 
are divided by 2. To test whether these two experiments produced results that are not different 
significantly, paired t-test was employed as shown below in figure (33) for the percentage of 
change in Mn in the two experiments. Finally, there is a slight variation between the percentage of 
change occurring in Mn concentration in this set of experiments and the previous one shown in 
table (15). 
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Figure 33: Shows paired t-test for % of change occurring in Mn concentration in the two experiments of 1m and 2m cells 
grown at stress conditions for 24 hours. 
At 5% significance level, the calculated value of t is smaller than the critical one of 2.57. And the 
probability of such a difference occurring by chance in each type of samples are higher than 0.05. 
In this case, the difference between 1m and 2m cells’ samples is not significant at 0.05 probability 
level and the null hypothesis is therefore not rejected. In addition, two-tail f-test was used to test 
whether this difference between the two methods of 1m and 2m cells is not significant. Similarly 
to paired t-test, the results of the calculated values of f for both control and stressed cells, which 
are 2.25 and 2.16, respectively, are less than the critical value of 7.15 at 5% significance level.  
Accordingly, the two methods of 1m and 2m cells samples are not different significantly at 5% 
level and either 1m or 2m cells can be used to prepare the samples for the next experiments of 48 
hours incubation. Further, the method used to perform oxidative stress experiments for 24 hours 
employing 1m cells is accurate and reproducible and 1m cells which is preferable to use as stated 
before in (2.3.1) is enough to do all the required experiments for this study. 
2.3.2 Forty eight hours incubation hypoxic/hyperoxic experiments 
As has been stated in literature, the exposure to hyperoxia can result in toxic impacts on cells 
depending on the duration of exposure and the degree of hyperoxia. Additionally, the sensitivity 
to oxygen availability can be assumed to differ depending on the cells defense mechanisms [53]. 
Therefore, we aimed to increase the duration of incubation to 48 hours instead of 24 hours to 
study its influence on cultured cells. 
Paired t-test
Oxygen level 1m cells 2m cells Difference (2m-1m)
5% -2.94 1.53 4.47
15% 0.54 1.14 0.60
25% 0.93 1.95 1.02
35% 11.90 11.72 -0.18
40% 12.31 15.82 3.51
45% 15.79 17.14 1.35
n= 6 1.79
1.80
2.44
2.57
Mean
Standard Deviation (SD)
Calculated t (mean*SQRT(6)/SD)
Critical t
% of change in Mn
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The aim of these experiments (2A and 2B) is to test if the incubation duration affects the change 
occurring in the concentration of the elements of interest in the cultured cells grown under stress 
conditions for 24 hours as seen earlier in experiments explained in (2.3.1). So the cells were 
incubated under hypoxic/hyperoxic conditions for 48 hours as described in (2.2.2.2) and 1 million 
cells samples were prepared at each level of oxygen. 
In fact, five replicates of each type of cells samples, control and stressed, at each level of oxygen 
were prepared. However, at high levels of oxygen (40%-60%) only two replicates samples of 
stressed cells incubated for 48 hours could be prepared as the cells’ proliferation was very weak 
and slow. Also, three replicates of those incubated at 30% and 35% of oxygen for 48 hours were 
prepared. On the other hand, the number of control cells was enough to prepare five replicates at 
all levels of oxygen.  
Actually, the first noticed impact of the increase in the duration of cells incubation was on cells’ 
proliferation. The cells proliferated slowly and weakly but no dead cells were found. So they 
resisted the high level of oxygen for 48 hours. All samples of the first experiments (2A) of 48 hours 
incubation for all elements of interest were analysed with the samples of 1B experiment, 
mentioned in (2.3.1), on the same day at the same time. So the calibration curves of all elements 
of interest used in 1B experiment were also used here to measure their concentration in the first 
experiments (2A) of 48 hours incubation. But when these latter experiments were repeated (2B) 
another new different calibration curves were used to measure the four elements and they are 
shown in appendix A. 2% nitric acid was the blank and used to make up all the samples and 
standards. The results obtained for each element are shown separately below. A blank of 
concentrated nitric acid and 30% hydrogen peroxide was used for all cells’ samples and the 
concentration of all elements of interest is much higher in the samples than in the blank. Grubb 
test was used to exclude the outliers’ readings of all elements of interest as its formula shown in 
(2.3.1.1.1). 
2.3.2.1 Zinc 
The results obtained from the two replicates experiments are revealed in table (17) and figures (34 
and 35) and the percentage of change occurring in Zn concentration in both experiments is shown 
in table (18) and figure (36). The calibration curves which were used here to measure Zn 
concentration in all samples are shown in figures (2 and 3) in appendix A. 
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Oxygen level  
Concentration of Zn in 
 The first experiment, 2A 
Concentration of Zn in 
 The second experiment, 2B 
 
1m control cells  
n=5 
1m stressed 
cells 
1m control cells  
n=5 
1m stressed 
cells 
1% O2 60.16 +/- 7.0 
73.33 +/- 3.0 
 n= 5 
58.23 +/- 7.5 
70.60 +/- 3.1  
n= 5 
5% O2 58.78 +/- 7.5 
58.63 +/- 3.0  
n= 5 
61.45 +/- 13.0 
61.39 +/- 3.6 
n= 5 
10% O2 62.03 +/- 0.9 
62.55 +/- 4.4  
n= 5 
64.70 +/- 3.2 
64.63 +/- 3.1 
n= 5 
15% O2 53.67 +/- 9.8 
59.43 +/- 3.3 
n= 5 
55.27 +/- 5.1 
61.04 +/- 3.6 
n= 5 
25% O2 48.56 +/- 5.7 
55.77 +/- 1.3  
n= 5 
43.17 +/- 4.2 
48.08 +/- 1.7  
n= 5 
30% O2 43.99 +/- 13.0 
50.61 +/- 1.9  
n= 3 
41.04 +/- 8.1 
47.53 +/- 2.6 
n= 3 
35% O2 57.40 +/- 1.7 
67.7 +/- 3.4  
n= 3 
55.78 +/- 2.2 
66.79 +/- 2.1 
n= 3 
40% O2 80.69 +/- 12.5 
96.1 +/- 4.9  
n= 2 
74.55 +/- 10.3 
89.05 +/- 4.7 
n= 2 
45% O2 81.02 +/- 16.6 
96.81 +/- 3.1  
n= 2 
76.69 +/- 7.7 
92.48 +/- 3.7 
n= 2 
50% O2 67.82 +/- 5.0 
81.37 +/- 1.9  
n= 2 
80.43 +/- 3.1 
98.92 +/- 4.6 
n= 2 
55% O2 89.34 +/- 15.5 
111.15 +/- 4.0  
n= 2 
86.25 +/- 11.0 
107.85 +/- 4.1 
n= 2 
60% O2 88.11 +/- 2.8 
121.52 +/- 3.5 
n= 2 
89.06 +/- 4.1 
124.06 +/- 4.4 
n= 2 
Table 17: Concentration of Zn in 1 m control cells and 1 m cells grown under stress conditions for 48 hours in the two 
replicates experiments, 2A and 2B, (mean +/- standard deviation of n replicate measurements or +/- range of 2 replicate 
measurements). 
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Figure 34: Concentration of Zn in 1m control cells and 1m cells incubated under hypoxia/hyperoxia conditions for 48 
hours (2A experiment). Error bars show the standard deviation/range of n replicate measurements as indicated in table 
(17). X axis is oxygen levels. Note: each stressed cell sample has its own matched control cell sample taken from the 
same batch, same passage number, at the same time, to enable valid comparison. 
 
Figure 35: Concentration of Zn in 1m control cells and 1m cells incubated under hypoxia/hyperoxia conditions for 48 
hours (2B experiment). Error bars show the standard deviation/range of n replicate measurements as indicated in table 
(17). X axis is oxygen levels. Note: each stressed cell sample has its own matched control cell sample taken from the 
same batch, same passage number, at the same time, to enable valid comparison. 
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Oxygen level 
% of change in Zn 
The first experiment, 2A 
% of change in Zn 
The second experiment, 2B 
1% O2 22.0 +/- 2.0 21.0 +/- 2.0 
5% O2 -0.3 +/- 2.0 -0.1 +/- 3.0 
10% O2 1.0 +/- 3.0 -0.1 +/- 2.0 
15% O2 11.0 +/- 3.0 10.0 +/- 3.0 
25% O2 15.0 +/- 1.0 11.0 +/- 2.0 
30% O2 15.0 +/- 2.0 16.0 +/- 3.0 
35% O2 18.0 +/- 3.0 20.0 +/- 2.0 
40% O2 19.0 +/- 6.0 19.5 +/- 6.0 
45% O2 19.5 +/- 4.0 21.0 +/- 5.0 
50% O2 20.0 +/- 3.0 23.0 +/- 6.0 
55% O2 24.0 +/- 4.0 25.0 +/- 5.0 
60% O2 38.0+/- 4.0 39.0 +/- 5.0 
Table 18: The percentage of change occurring in Zn concentration in stressed cells’ samples in 2A and 2B experiments, 
mean +/- SEM/range of n replicate measurements as indicated in table (17). 
(a)   
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(b)  
 Figure 36: Percentage of change occurring in Zn concentration in 1m cells incubated under hypoxic/hyperoxic conditions 
for 48 hours (a) 2A experiment (b) 2B experiment. Error bars show SEM/range of n replicate measurements as indicated 
in table (17).  
As seen in all above figures, the results obtained from the two replicates experiments are the 
same with some expected variations due to the difference in cells’ batch and cells’ passages and 
the analysis was carried out on a different day. There is a slight increase in the values of the 
second experiment. For example, as can be seen in figure (36) at 30% to 60%, the percentage of 
change occurring in Zn concentration grew more in the second experiment by an average of 
1.16%. On the other hand, the first experiment showed higher percentage of change in Zn 
concentration than the first one by an average of 0.4% from 1% to 15% of oxygen. And again this 
variation is very small and can be neglected. And the difference between the two sets of results is 
very small and the upward trend can be still obtained from the second experiment.  
However, there is a noticeable drop in the change at 25 % O2 from 14.86% in the first experiment 
(2A) to 11.36% in the second one (2B). In fact, the change in Zn concentration at 25% of oxygen is 
still more than the change occurred at 15% and less than the change obtained at 30% in both 
experiments. 
Paired t-test at 5% significance level was used to test whether the two replicates experiments do 
not differ significantly as shown below. It was employed for the differences between control and 
stressed cells in each experiment. Since the calculated value of t does not exceed the critical value 
as shown in figure (37, a) therefore the null hypothesis is retained and accordingly the results 
obtained from the two replicates experiments are not different significantly. 
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(a)   
(b)  
Figure 37: Shows (a) t-test used to compare between the two replicates experiments of Zn for the difference between 
control and stressed cells in each experiment (b) Two-way ANOVA test at 5% level for 24 and 48 hours incubation 
experiments. 
Generally, it is clear from figure (36) that the same results of 24 hours incubation at stress 
conditions experiments explained in (2.3.1.1.1) were obtained. Similarly to 24 hours incubation 
experiments, Zn concentration significantly increased in all cells grown under hypoxic or hyperoxic 
for 48 hours except at 5% and 10% where no considerable change occurred. In addition, there is a 
dramatic growth in Zn concentration which is directly proportional to oxygen level. However, 
while the level of oxygen grew up steadily by 5% each experiment, Zn concentration increased 
gradually and slightly from 15% to 50% before reaching its highest point at 60% O2.  
As mentioned earlier, 5% and 10% of oxygen are considered as normoxia conditions for 
intracellular zinc. So its concentration stayed at the same level. However, the other levels are 
Paired t-test
Oxygen level 2A 2B Difference (2B-2A)
1% 13.18 12.39 -0.79
5% -0.15 -0.05 0.10
10% 0.52 -0.07 -0.59
15% 5.76 5.77 0.01
25% 7.22 4.91 -2.31
30% 6.62 6.49 -0.13
35% 10.27 11.01 0.73
40% 15.42 14.50 -0.92
45% 15.79 15.79 0.00
50% 13.55 18.49 4.94
55% 21.81 21.60 -0.21
60% 33.40 35.00 1.60
n= 12 0.20
1.76
0.40
2.20Critical t
(Stressed cells - Control cells)
Mean
Standard Deviation (SD)
Calculated t (mean*SQRT(12)/SD)
Source of Variation
SS (sum of 
squares)
df (degree of 
freedom)
MS (mean 
square)
F 
(calculated)
P-value F (critical)
(Eta)2 
(SS/SST)
% 
contribution 
of variation 
(Eta)2 x 100
Oxygen levels 1888 11 172 27 2.00E-06 2.8 1.0 96
24 and 48 hours 
incubations
17 1 17 3 0.13 4.8 0.01 1
Random error 69 11 6 0.03 3.5
Total (SST) 1974 23
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counted as hypoxic or hyperoxic conditions for intracellular zinc which has an important role to 
protect the cells against oxidative stress generated from high level of oxygen.  
In more details and by comparing these results with the previous ones shown in figure (10, a and 
b) for 24 hours incubation, we can conclude that the increase in the duration of cells incubation 
had no significant impact on the change occurred in Zn level after 24 hours incubation except at 
1% and 60% of oxygen. Interestingly, there was a fluctuation in the change occurring in 
intracellular Zn concentration in response to oxidative stress generated at 15% to 50% of oxygen 
as shown clearly in figure (36). At 35% and 45%, the increase of incubation duration caused a very 
slight increase in Zn concentration compared to that after 24 hours incubation and a relative 
decrease at 15%-30%, 40% and 50%. On the other hand, when the cells’ incubation was increased 
to 48 hours at 60% of oxygen a significant increase occurred in Zn concentration compared to that 
after 24 hours incubation, (83.4 ppb to 122.8 ppb). Similarly to 60%, there was a considerable 
growth in Zn concentration compared to that acquired after 24 hours incubation at 1% of oxygen.  
In order to prove that when the interval of incubation was increased to 48 hours the concentration 
of Zn was not further affected significantly two-way ANOVA test at 5% significance level was used. 
There are two factors should be accounted which may have led to significant variability in data of 
24 and 48 hours with respect to the percentage of change occurring in Zn concentration in 
response to oxidative stress. The two factors are the two different intervals of incubation and the 
different levels of oxygen used including a group of factors of day-to-day experimental conditions 
and cells’ passage number as mentioned earlier in (2.3.1.1.1). And as seen in figure (37 (b)) that 
the two different intervals of incubations did not cause a significant variation in data obtained 
from both corresponding different experiments and its contribution to all variability is just 0.88%. 
Thus, this powerful statistical technique confirmed our initial conclusion that Zn concentration was 
not affected further by increasing the duration of cells’ incubation and the percentage of change 
occurring in Zn concentration in response to stress conditions was not influenced further by 
increasing the duration of incubation. 
On the other hand, the other factor of using different oxygen levels in each experiment (24 and 48 
hours incubation) had contributed to all variability by 95.6% which was expected as a result of the 
group of factors causing this significant variation as mentioned in (2.3.1.1.1).   
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In conclusion, we can say that the method of analysis used to perform 48 hours cells’ incubation is 
accurate and reproducible as the two replicates experiments are consistent and do not differ 
significantly. And the upward trend of Zn concentration in cells incubated at oxidative stress 
conditions for 48 hours can be obtained from the two experiments regardless of the small 
fluctuation in their original values. It is worth mentioning, the variation between the two 
experiments is expected because of the different cells’ batch, cells’ passages, cell culture 
environment and the contamination that may occur in samples’ preparation and during the 
analysis (random error). 
In addition, the increase in the duration of cells’ incubation from 24 hours to 48 hours did not 
significantly affect the increase occurring in Zn concentration after 24 hours incubation. However, 
it has a considerable influence at 1% (hypoxic) and 60% (hyperoxic). This means that these two 
oxygen levels were the highest oxidative stress conditions the cells have been exposed to with 
respect to Zn. Therefore, Zn concentration was increased to maintain the balance between 
oxidants and antioxidants within the stressed cells which was disturbed by generating more ROS 
during 48 hours incubation. 
2.3.2.2 Copper 
As stated earlier in Zn (2.3.2.1), the 48 hours cells’ incubation experiments were performed twice 
and the results obtained from the two replicates experiments are illustrated in the following table 
(19) and figures (38 and 39). And the percentage of change occurring in Cu concentration in both 
experiments is shown in table (20) and figure (40). The calibration curves shown in figures (5 and 
6) in appendix A were used to measure Cu in all following samples of the first and the second 
experiments (2A and 2B), respectively. 
Oxygen level  
Concentration of Cu in 
 The first experiment, 2A 
Concentration of Cu in 
 The second experiment, 2B 
 
1m control cells  
n=5 
1m stressed 
cells 
1m control cells  
n=5 
1m stressed 
cells  
1% O2 1.99 +/- 0.2 
2.39 +/- 0.12 
 n=5 
1.73 +/- 0.1 
2.11 +/- 0.13  
n=5 
5% O2 1.45 +/- 0.1 
1.42 +/- 0.1  
n= 5 
1.94 +/- 0.3 
1.95 +/- 0.1  
n=5 
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10% O2 1.98 +/- 0.1 
2.09 +/- 0.1  
n=5 
1.53 +/- 0.1 
1.60 +/- 0.1  
n=5 
15% O2 0.83 +/- 0.1 
1.0 +/- 0.1  
n=5 
1.30 +/- 0.2 
1.30 +/- 0.04  
n=5 
25% O2 1.05 +/- 0.04 
1.08 +/- 0.04  
n=5 
2.13 +/- 0.1 
2.20 +/- 0.1  
n=5 
30% O2 1.18 +/- 0.1 
1.5 +/- 0.1  
n=3 
1.58 +/- 0.2 
1.99 +/- 0.1 
 n=3 
35% O2 1.35 +/- 0.1 
1.75 +/- 0.05  
n=3 
2.26 +/- 0.1 
2.93 +/- 0.04 
n=3 
40% O2 2.44 +/- 0.2 
3.37 +/- 0.1 
 n=2 
3.12 +/- 0.1 
4.19 +/- 0.1  
n=2 
45% O2 3.52 +/- 0.1 
5.27 +/- 0.1  
n=2 
3.29 +/- 0.1 
4.83 +/- 0.2  
n=2 
50% O2 3.16 +/- 0.3 
4.92 +/- 0.1  
n=2 
1.44 +/- 0.2 
2.23 +/-0.1  
n=2 
55% O2 1.30 +/- 0.1 
2.13 +/- 0.1  
n=2 
2.11 +/- 0.1 
3.48 +/- 0.1  
n=2 
60% O2 2.41 +/- 0.1 
4.88 +/- 0.1  
n=2 
1.95 +/- 0.1 
4.13 +/- 0.04  
n=2 
 Table 19: Concentration of Cu in 1 m control cells and 1 m cells grown under stress conditions for 48 hours in the two 
replicates experiments (mean +/- standard deviation of n replicate measurements or +/- range of 2 replicate 
measurements).  
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Figure 38: Concentration of Cu in 1m control cells and 1m cells incubated at stress conditions for 48 hours, 2A 
experiment. Error bars show the standard deviation/range of n replicate measurements as indicated in table (19). X axis 
is oxygen levels. Note: each stressed cell sample has its own matched control cell sample taken from the same batch, 
same passage number, at the same time, to enable valid comparison. 
 
Figure 39: Concentration of Cu in 1m control cells and 1m cells incubated at stress conditions for 48 hours, 2B 
experiment. Error bars show the standard deviation/range of n replicate measurements as indicated in table (19). X axis 
is oxygen levels. Note: each stressed cell sample has its own matched control cell sample taken from the same batch, 
same passage number, at the same time, to enable valid comparison. 
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Oxygen level 
% of change in Cu 
The first experiment, 2A 
% of change in Cu 
The second experiment, 2B 
1% O2 20.0+/- 3.0 22.0 +/- 3.0 
5% O2 -2.0 +/- 3.0 0.5 +/- 1.0 
10% O2 5.5 +/- 2.0 4.0 +/- 3.0 
15% O2 20.0 +/- 3.0 0 +/- 1.0 
25% O2 3.0 +/- 2.0 3.0 +/- 2.0 
30% O2 27.0 +/- 3.0 26.0 +/- 3.0 
35% O2 29.0 +/- 2.0 29.0 +/- 1.0 
40% O2 38.0 +/- 2.0 34.5 +/- 3.0 
45% O2 49.5 +/- 3.0 47.0 +/- 5.0 
50% O2 56.0 +/- 3.0 55.0 +/- 5.0 
55% O2 65.0 +/- 4.0 65.0 +/- 6.0 
60% O2 103.0 +/- 3.0 111.0 +/- 2.0 
Table 20: The percentage of change occurring in Cu concentration in stressed cells’ samples in 2A and 2B experiments, 
mean +/- SEM/range of n replicate measurements as indicated in table (19). 
(a)   
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(b)  
Figure 40: Percentage of change occurring in Cu concentration in 1m cells incubated at stress conditions for 48 hours (a) 
2A experiment (b) 2B experiment. Error bars show SEM/range of n replicate measurements as indicated in table (19).  
Firstly, the two replicates experiments should be compared with regard to their values to confirm 
the reproducibility of the method before discussing the effect of the increase in incubation 
duration on cultured cells at oxidative stress conditions. As clear from figure (40) that the two 
experiments produced the same results regardless of the difference in cooper concentration in 
samples at each level of oxygen in both kinds of cells. This variation is because of the difference in 
their passage number and the environment where the cells were grown in.  
Accordingly, this variation was expected because of the different behaviour in cultured cells from 
passage to another. 
However, the two experiments showed very slight variation at all levels of oxygen in the change 
occurring in copper concentration. The most considerable variation is at 60% of oxygen as 2B 
experiment showed a higher change in copper concentration over 2A experiment by 8.7%. Overall, 
it can be concluded that the two experiments are consistent and produced the same results 
regardless of the slight variation between their values which can be neglected. In fact, both 
experiments showed an upward trend in the change occurring in copper concentration as a result 
of the oxygen level’s increase from 15% to 60% with no change at 5% and a slight growth at 10% 
and 25%. 
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However, paired t-test at 5% probability level was used for the differences between control and 
stressed cells’ samples at all levels of oxygen in both experiments to prove that and test whether 
the two replicates experiments do not differ significantly as shown in the following figure. As clear 
from the test below that the results obtained from the two experiments are not different 
significantly as the calculated value of t is smaller than the critical value as shown below in figure 
(41). 
 
Figure 41: Shows t-test used to compare between the two replicates experiments (2A and 2B) of Cu for the differences 
between control and stressed cells. 
Regarding the influence of 48 hours incubation on cells incubated under oxidative stress 
conditions, it can be seen from all figures shown above that the long incubation did not affect the 
change occurring in copper concentration after 24 hours incubation. And only an increase of an 
average of 7% was obtained as overall at all levels of oxygen. It is worth mentioning, there was a 
significant impact of 48 hours incubation on cultured cells at 15%. There was a slight change of 
6.1% in copper concentration occurring at 15% after 24 hours but this change became significant 
after 48 hours incubation to be 18.6%.  Similarly, there was a considerable influence on copper 
concentration at 60% after 48 hours incubation as the change significantly increased by 16.6%. 
Further, as done with Zn previously in (2.3.2.1), two-way ANOVA test can be employed here to test 
the two factors that may have influenced significantly on the data obtained from 24 and 48 hours 
incubation experiments which relates to the change occurring in Cu concentration in response to 
Paired t-test
Oxygen level 2A 2B Difference (2A-2B)
1% 0.40 0.39 0.02
5% -0.03 0.01 -0.04
10% 0.11 0.07 0.04
15% 0.17 0.00 0.17
25% 0.03 0.07 -0.04
30% 0.32 0.41 -0.08
35% 0.39 0.66 -0.27
40% 0.93 1.07 -0.15
45% 1.75 1.54 0.20
50% 1.76 0.79 0.97
55% 0.84 1.37 -0.53
60% 2.47 2.18 0.30
n= 12 0.05
0.37
0.47
2.20
(Stressed cells - Control cells)
Mean
Standard Deviation (SD)
Calculated t (mean*SQRT(12)/SD)
Critical t
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oxidative stress conditions. If the test confirms that the factor of the two different incubation’s 
durations did not cause a significant variation in data, so it can be concluded that 48 hours had no 
further impact on Cu concentration. Indeed, ANOVA test confirmed that only 0.25% is the 
contribution of this factor to all variability obtained in data and it showed that this long interval 
(48 hours) of incubation did not affect further on Cu concentration. And the other factor of oxygen 
levels used had contributed by 97.9% to all variability obtained in data. 
In summary, the change occurring in intracellular copper concentration after 24 hours incubation 
under oxidative stress conditions was significantly affected by increasing the incubation duration 
to 48 hours at 15% and 60% of oxygen. However, it had no significant impact at the other levels of 
oxygen. But it produced the same ascending trend in the change occurring in copper 
concentration in cells grown under hypoxic/hyperoxic conditions. Interestingly, there was still no 
change at 10% and 25% even after increasing the duration of incubation. 
It can be concluded that the concentration of intracellular copper increases significantly by 
changing the level of oxygen to 15% and goes up more at 60% when the duration of incubation is 
increased to 48 hours. It is believed that as the cultured cells are exposed to higher oxygen during 
their incubation the concentration of copper increases to protect the cells against the oxidative 
stress associated with harmful free radicals. And it is a normoxia for intracellular copper at 5% of 
oxygen while a hypoxic at 1% even if the incubation duration is increased. From 10%-25% there is 
a very slight change in copper concentration in cells grown at stress conditions for 24 hours and 
stay the same after 48 hours except at 15% where the change became significant but not 
understandable as this level is within the range between 10%-25%.  
2.3.2.3 Iron 
In the same way to Cu and Zn, these 48 hours incubation experiments were performed twice on 
different days and the samples got analysed on different days as well. The results of both series of 
experiments are shown in the following table (21) and figures (42 and 43). And in order to see how 
iron concentration was influenced by stress conditions in cells incubated for 48 hours and if this 
long duration had a further significant impact on the change occurring after 24 hours, the 
percentage of change occurring in its concentration after 48 hours is measured and shown in table 
(22) and figure (44). Two different calibration curves which were shown in figures (8 and 9) in 
appendix A were used to measure iron concentration in these experiments. 
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Oxygen level 
Concentration (ppb) of Fe in 
 2A experiment 
Concentration (ppb) of Fe in 
 2B experiment 
 
1m control cells, 
n=5 
1m stressed 
cells 
1m control cells, 
n=5 
1m stressed 
cells 
1% O2 12.37 +/- 0.4 
8.65 +/- 0.6 
n=5 
11.86 +/- 0.8 
8.36 +/- 0.4 
 n=5 
5% O2 10.05 +/- 0.9 
10.29 +/- 0.4 
n=5 
12.36 +/- 0.3 
12.62 +/- 0.4 
n=5 
10% O2 15.58 +/- 1.3 
15.83 +/- 0.9 
n=5 
13.52 +/- 0.3 
14.03 +/- 0.2 
n=5 
15% O2 11.90 +/- 0.8 
12.26 +/- 0.8 
n=5 
11.37 +/- 0.5 
11.88 +/- 0.4 
n=5 
25% O2 11.72 +/- 0.7 
12.94 +/- 0.4 
n=5 
11.54 +/- 0.4 
12.57 +/- 0.3 
n=5 
30% O2 11.32 +/- 0.6 
13.27 +/- 0.6 
n=3 
12.42 +/- 0.8 
14.22 +/- 0.4 
n=3 
35% O2 16.41 +/- 0.7 
20.46 +/- 0.7 
n=3 
15.12 +/- 0.3 
18.55 +/- 1.0 
n=3 
40% O2 25.48 +/- 0.7 
37.81 +/- 1.2 
n=2 
24.23 +/- 0.4 
36.23 +/- 1.1 
n=2 
45% O2 36.24 +/- 1.1 
54.51 +/- 1.8 
n=2 
27.92 +/- 0.7 
41.79 +/- 1.8 
n=2 
50% O2 31.98 +/- 1.7 
47.51 +/- 1.6 
n=2 
32.39 +/- 1.1 
48.78 +/- 1.0 
n=2 
55% O2 27.19 +/- 1.1 
41.19 +/- 0.7 
n=2 
28.92 +/- 0.8 
43.52 +/- 1.6 
n=2 
60% O2 37.99 +/- 1.1 
56.63 +/- 0.3 
n=2 
34.25 +/- 0.5 
51.46 +/- 1.5 
n=2 
Table 21: Concentration of Fe in 1 m control cells and 1 m cells grown under stress conditions for 48 hours in the two 
replicates experiments 2A and 2B (mean +/- standard deviation of n replicate measurements or +/- range of 2 replicate 
measurements). 
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Figure 42: Shows concentration of Fe in 1m control cells and 1m cells incubated under oxidative stress conditions for 48 
hours, 2A experiment. Error bars show the standard deviation/range of n replicate measurements as indicated in table 
(21). X axis is oxygen levels. Note: each stressed cell sample has its own matched control cell sample taken from the 
same batch, same passage number, at the same time, to enable valid comparison. 
 
Figure 43: Shows concentration of Fe in 1m control cells and 1m cells incubated under oxidative stress conditions for 48 
hours, 2B experiment. Error bars show the standard deviation/range of n replicate measurements as indicated in table 
(21). X axis is oxygen levels. Note: each stressed cell sample has its own matched control cell sample taken from the 
same batch, same passage number, at the same time, to enable valid comparison. 
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Oxygen level 
% of change in Fe 
The first experiment, 2A 
% of change in Fe 
The second experiment, 2B 
1% O2 -30.0 +/- 2.0 -30.0 +/- 1.0 
5% O2 2.5 +/- 2.0 2.0 +/- 1.0 
10% O2 2.0 +/- 3.0 4.0 +/- 1.0 
15% O2 3.0 +/- 3.0 4.5 +/- 2.0 
25% O2 10.0 +/- 2.0 9.0 +/- 1.0 
30% O2 17.0 +/- 3.0 14.0 +/- 2.0 
35% O2 25.0 +/- 3.0 23.0 +/- 3.0 
40% O2 48.0 +/- 5.0 49.5 +/- 5.0 
45% O2 50.0 +/- 5.0 50.0 +/- 7.0 
50% O2 49.0 +/- 5.0 51.0 +/- 3.0 
55% O2 51.5 +/- 3.0 50.5 +/- 6.0 
60% O2 49.0 +/- 1.0 50.0 +/- 4.0 
Table 22: The percentage of change occurring in Fe concentration in stressed cells’ samples in 2A and 2B experiments, 
mean +/- SEM/range of n replicate measurements as indicated in table (21). 
(a)    
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(b)  
Figure 44: Percentage of change occurring in Fe concentration in 1m cells incubated under oxidative stress conditions for 
48 hours (a) 2A experiment (b) 2B experiment. Error bars show SEM/range of n replicate measurements as indicated in 
table (21). 
First of all, before discussing how concentration of iron was affected by oxidative stress the cells 
exposed to the two replicates experiments should be compared to test that they do not differ 
significantly at 5% significance level. As seen from the figure above (44) that the two experiments 
produced relatively the same results at all levels of oxygen. In order to confirm that paired t-test 
was used to test whether the two experiments produced results which are not different 
significantly. T-test is shown in figure (45 (a)) below for the differences between control and 
stressed cells’ samples in both experiments at all levels of oxygen as stated in (2.3.1). As seen in t-
test below that the calculated value of t does not exceed the critical value at 5% probability level. 
Thus, there is no evidence to reject the null hypothesis and accordingly the results obtained from 
the two replicates experiments are not different significantly.   
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(a)  
(b)  
Figure 45: Shows (a) t-test used to compare between the two replicates experiments of Fe (b) Two-way ANOVA test for 
24 and 48 hours incubation experiments. 
Secondly, as seen in the figures above that the intracellular concentration of iron was affected by 
changing oxygen levels up to 60% for 48 hours incubation. Similarly to 24 hours incubation, there 
is variation in iron concentration between all control cells’ samples and this variation was 
expected due to the difference of passage numbers.  
Surprisingly, the concentration of iron decrease by an average of 30% at 1% of oxygen and this 
result was obtained from the two replicates experiments. It is worth mentioning here that there 
was no change at 1% O2 after 24 hours of incubation and this level of oxygen was counted as a 
normoxia for intracellular iron. However, after 48 hours of incubation under oxidative stress 
conditions it dropped significantly instead of growing to protect the cells against the harmful free 
radical as seen earlier with zinc and copper.   
Paired t-test
Oxygen level 2A 2B Difference (2A-2B)
1% -3.72 -3.50 -0.21
5% 0.25 0.26 -0.01
10% 0.25 0.50 -0.25
15% 0.36 0.51 -0.15
25% 1.22 1.03 0.19
30% 1.95 1.79 0.16
35% 4.05 3.44 0.61
40% 12.33 12.00 0.33
45% 18.27 13.87 4.40
50% 15.53 16.38 -0.85
55% 14.00 14.61 -0.61
60% 18.64 17.21 1.43
n= 12 0.42
1.38
1.05
2.20
(Stressed cells - Control cells)
Mean
Standard Deviation (SD)
Calculated t (mean*SQRT(12)/SD)
Critical t
Source of Variation
SS (sum of 
squares)
df (degree of 
freedom)
MS (mean 
square)
F 
(calculated)
P-value F (critical)
(Eta)2 
(SS/SST)
% 
contribution 
of variation 
(Eta)2 x 100
Oxygen levels 7349 11 668 4.2 0.01 2.8 0.7 72
Interval of incubation 1057 1 1057 6.6 0.03 4.8 0.10 10
Random error 1761 11 160 0.2 17
Total (SST) 10167 23
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Interestingly, as seen in figure (44) that the increase in the duration of cells’ incubation had an 
influence on intracellular concentration of iron at the three low levels of oxygen from 5% to 15%. 
There was an increase of an average of 2%, 3% and 4% at these low levels of oxygen, respectively. 
On the other hand, these three levels were counted as a normoxia for intracellular iron in cells 
exposed to oxidative stress for 24 hours. Therefore, it can be concluded that iron intracellular 
concentration increased slightly by incubating the cells at 5%-15% of oxygen for more than 24 
hours and these low oxygen levels can be considered as hypoxia for it in this case. 
More interestingly, the change occurring in iron intracellular concentration after 24 hours 
incubation doubled at 25% and 35% and increased by an average of 47% at 30% after exposing the 
cells to the stress conditions for longer period of time (48 hours).  
The average of change occurring in iron concentration after 24 hours incubation at 40%-60% of 
oxygen was 18%; however, it increased by an average of 175% to be 50% after 48 hours. 
Importantly, the change occurring in iron concentration after 48 hours incubation grew 
consistently by 50 +/- 2% at each level of oxygen from 40% to 60%. It seems to have leveled off. 
Two-way ANOVA test at 5% significance level was used to confirm the previous conclusion. As 
clear in figure ( 45 (b)), the calculated value of f exceeds the critical one and therefore the null 
hypothesis is rejected which states that the factor of increasing the duration of cells’ incubation 
had no further impact on Fe concentration and the two intervals of incubation produced equal 
data. In addition, the other factor of using different oxygen levels had also affected and caused 
variation by 72% which was expected as explained in (2.3.2.1) and (2.3.2.2). 
In conclusion, when the duration of cells’ incubation is increased to 48 hours the change occurring 
in iron concentration after 24 hours consequently increased steadily and remains level through the 
five high levels of oxygen (40%-60%). This growth in iron intracellular concentration is expected 
because of its function as a cofactor to an important antioxidant enzyme like catalase which 
protects the cells against reactive oxygen species generated from high levels of oxygen that the 
cells are exposed to. On the contrary, it decreases by 30% at 1% of oxygen and this drop is still not 
easily explained.  
2.3.2.4 Manganese 
Similarly to the three previous elements, these two replicates experiments (2A and 2B) were 
carried out by using two different cells’ batches. Calibration curves shown in figures (11 and 12) in 
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appendix A were used to measure Mn concentration in both kinds of all samples. The results are 
shown in the following table (23) and figures (46 and 47). The percentage of change occurring in 
Mn concentration in cells incubated under stress conditions for 48 hours are shown revealed 
below in table (24) and figure (48).  
Oxygen level 
Concentration (ppb) of Mn in 
 2A experiment 
Concentration (ppb) of Mn in 
 2B experiment 
 
1m control cells, 
n=5 
1m stressed 
cells 
1m control cells, 
n=5 
1m stressed 
cells  
1% O2 1.29 +/- 0.21 
1.69 +/- 0.16 
 n=5 
1.17 +/- 0.12 
1.49 +/- 0.1 
n=5 
5% O2 1.35 +/- 0.31 
1.34 +/- 0.16 
n=5 
1.18 +/- 0.11 
1.19 +/- 0.03 
n=5 
10% O2 1.25 +/- 0.2 
1.26 +/- 0.1 
n=5 
1.26 +/- 0.13 
1.28 +/- 0.04 
n=5 
15% O2 0.91 +/- 0.18 
1.02 +/- 0.05 
n=5 
1.05 +/- 0.16 
1.14 +/- 0.03 
n=5 
25% O2 1.22 +/- 0.07 
1.18 +/- 0.02 
n=5 
1.24 +/- 0.05 
1.26 +/- 0.05 
n=5 
30% O2 1.00 +/- 0.08 
1.27 +/- 0.1 
n=3 
1.32 +/- 0.02 
1.58 +/- 0.14 
n=3 
35% O2 1.39 +/- 0.09 
1.76 +/- 0.06 
n=3 
1.19 +/- 0.13 
1.53 +/- 0.1 
n=5 
40% O2 1.27 +/- 0.08 
1.82 +/- 0.04 
n=2 
1.23 +/- 0.02 
1.73 +/- 0.05 
n=5 
45% O2 1.13 +/- 0.07 
1.60 +/- 0.04 
n=2 
1.17 +/- 0.13 
1.65 +/- 0.06 
n=2 
50% O2 1.09 +/- 0.1 
1.53 +/- 0.06 
n=2 
1.33 +/- 0.17 
1.87 +/- 0.06 
n=2 
55% O2 1.20 +/- 0.05 
1.72 +/- 0.04 
n=2 
1.26 +/- 0.11 
1.76 +/- 0.06 
n=2 
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60% O2 1.41 +/- 0.16 
1.98 +/- 0.05 
n=2 
1.17 +/- 0.12 
1.64 +/- 0.05 
n=2 
Table 23: Concentration of Mn in 1 m control cells and 1 m cells grown under stress conditions for 48 hours in the two 
replicates experiments 2A and 2B (mean +/- standard deviation of n replicate measurements or +/- range of 2 replicate 
measurements). 
 
Figure 46: Concentration of Mn in 1m control cells and 1m cells incubated at stress conditions for 48 hours, 2A 
experiment. Error bars show the standard deviation/range of n replicate measurements as indicated in table (23). Note: 
each stressed cell sample has its own matched control cell sample taken from the same batch, same passage number, at 
the same time, to enable valid comparison. 
 
Figure 47: Concentration of Mn in 1m control cells and 1m cells incubated at stress conditions for 48 hours, 2B 
experiment. Error bars show the standard deviation/range of n replicate measurements as indicated in table (23). Note: 
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each stressed cell sample has its own matched control cell sample taken from the same batch, same passage number, at 
the same time, to enable valid comparison. 
Oxygen level 
% of change in Mn 
The first experiment, 2A 
% of change in Mn 
The second experiment, 2B 
1% O2 31.0 +/- 5.0 28.0 +/- 4.0 
5% O2 -0.4 +/- 5.0 0.3 +/- 1.0 
10% O2 1.0 +/- 3.0 2.0 +/- 1.0 
15% O2 13.0 +/- 2.0 9.0 +/- 2.0 
25% O2 -3.0 +/- 1.0 2.0 +/- 2.0 
30% O2 27.0+/- 5.0 20.0 +/- 6.0 
35% O2 26.0 +/- 3.0 28.0 +/- 4.0 
40% O2 43.5 +/- 3.0 40.0 +/- 4.0 
45% O2 41.5 +/- 4.0 42.0 +/- 5.0 
50% O2 40.0 +/- 6.0 41.0 +/- 5.0 
55% O2 43.5 +/- 3.0 39.0 +/- 5.0 
60% O2 40.0 +/- 4.0 41.0 +/- 4.0 
Table 24: The percentage of change occurring in Mn concentration in stressed cells’ samples in 2A and 2B experiments, 
mean +/- SEM/range of n replicate measurements as indicated in table (23). 
(a)   
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(b)  
Figure 48: Percentage of change occurring in Mn concentration in 1m cells incubated at stress conditions for 48 hours (a) 
2A experiment (b) 2B experiment. Error bars show SEM/range of n replicate measurements as indicated in table (23). 
First of all, according to the concentration values of Mn shown in table (23), it can be seen that the 
concentration of Mn is as high as in the samples of the second group of experiments of 24 hours 
incubation (1B). And this is not surprising for the samples used in first group of these experiments 
of 48 hours incubation (2A) as they are both from the same cells’ batch. Interestingly, the 
concentration is also high in the new cells’ batch used to carry out the second group of 48 hours 
incubation experiments (2B).  
Secondly, as can be seen in figure (48) that Mn concentration increased sharply at 1% O2 and very 
slightly at 10% and 25% O2 but with no change at 5% O2 when the cells were exposed to oxidative 
stress for 48 hours. Additionally, it went up significantly from 30% to 60% O2 and they seemed to 
remain stable in its growth at 40%-60%. It also increased surprisingly at 15% O2.  
There is a variation between the two replicates experiments but it can be tested whether this 
variation is not significant by using paired t-test at 5% significance level as shown in figure (49). 
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Figure 49: Shows t-test used to compare between the two replicates experiments (2A and 2B) of Mn for the differences 
between control and stressed cells in both experiments at all levels of oxygen.  
It is obvious as seen in figure (49) above that there is no significant difference between the two 
replicates experiments. Thus, the two different cells’ batches produced results that do not differ 
significantly. Thirdly, to see how significantly Mn concentration was affected by increasing the 
duration of cells’ incubation to be 48 hours, two-way ANOVA test at 5% significance level was used 
and the results are shown below in figure (50).  
 
Figure 50: Two-way ANOVA results at 5% significance level for the percentage of change occurring in Mn concentration 
in cells incubated under oxidative stress for 24 and 48 hours.  
From the results shown above in figure (50) it can be concluded that the two sources of variation 
had contributed and significantly affected the results of the two experiments. The two values of 
calculated f are greater than the critical values and the probability to accept the null hypothesis is 
Paired t-test
Oxygen level 2A 2B Difference (2A-2B)
1% 0.40 0.33 0.07
5% -0.01 0.00 -0.01
10% 0.01 0.02 -0.01
15% 0.12 0.09 0.03
25% -0.04 0.02 -0.06
30% 0.27 0.26 0.01
35% 0.37 0.34 0.03
40% 0.55 0.49 0.06
45% 0.47 0.49 -0.02
50% 0.44 0.54 -0.10
55% 0.52 0.50 0.03
60% 0.57 0.48 0.09
n= 12 0.01
0.05
0.64
2.20
Standard Deviation (SD)
Calculated t (mean*SQRT(12)/SD)
Critical t
(Stressed cells - Control cells)
Mean
Source of Variation
SS (sum of 
squares)
df (degree of 
freedom)
MS (mean 
square)
F 
(calculated)
P-value F (critical)
(Eta)2 
(SS/SST)
% 
contribution 
of variation 
(Eta)2 x 100
Group of 
uncontrolled 
combined factors
5679 11 516 8 0.001 2.8 0.8 83
Duration of 
incubation
491 1 491 8 0.02 4.8 0.1 7
Other errors 707 11 64 0.1 10
Total (SST) 6877 23
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much less than 0.05 (probability level) for each factor. Thus, the two null hypotheses are rejected 
and the two factors had affected the results significantly and contributed to all variability in data 
by 83% caused by the group of uncontrolled factors, which is expected to cause variation in results 
as seen obviously in all data obtained in this chapter. And the controlled factor of increasing the 
duration of cells’ incubation had also contributed to all variability in results by 7% leaving 10% for 
other random errors that always occur in replicates measurements. 
Overall, it can be concluded that when the duration of incubation is increased to 48 hours the 
change occurring in the concentration of Mn after 24 hours incubation consequently goes up at 
most levels of oxygen. It went up significantly from 10% to 50% O2 by an average of 23% after 
showing no further increase at 1% O2. The change occurring in Mn concentration at 1% O2 after 24 
hours was 31% and it seems that it was not affected further by increasing the duration to 48 hours 
as can be seen in the table (24) above. In addition, it grew sharply from 30% to 50% O2 before 
remaining stable with no further effect at 55%-60% O2. It seems that Mn concentration does not 
increase more than 40% from its initial concentration even when oxygen level is increased to 60%.  
2.4 Conclusion 
In this chapter the four elements of interest (Zn, Cu, Fe and Mn) were quantified accurately in the 
cell line of skeletal muscle cells (C2C12). They were measured in 1m/2m cells samples which were 
incubated for 24 hours under oxidative stress conditions generated by increasing oxygen level 
from 1%-60% at 5% intervals by employing the hypoxia incubator. In addition, they were 
quantified in 1m cells incubated under the same stress conditions but the interval of incubation 
was increased to 48 hours to see how longer incubation can contribute further to change the 
concentration of the four elements in stressed cells. 
The concentration of the four elements had increased dramatically in cells grown at hyperoxia 
conditions for 24 hours at most levels of oxygen as shown in figure (51) below. They all had shown 
a gradual growth from 25%-60% O2 except Mn which started increasing from 30% with no change 
at 25% O2. The most significant increase was in Cu as it had gone up by 85% at 60% O2 and then 
Mn by 43%. Zn and Fe had shown the least increase at 60% O2 by 27% and 26%, respectively. 
Importantly, all of them had not shown any increase at 5% O2 to be a normoxia state for all of 
them. 
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This result is consistent with the other published data in literature which stated that 5% O2 is the 
right level to use to grow muscle cells in vitro to achieve physiological normoxic conditions. 
Consequently, oxygen levels below 5% create hypoxic conditions and on the other hand above 
21% O2, which is normally used in vitro as standard condition, should be considered as hyperoxic 
[53, 55]. Indeed, all elements of interest except Fe had shown a significant increase at 1% O2 and 
the most remarkable growth was in Mn as it had increased by 33%, then Cu by 21% and Zn with 
the least increase by 17%.  
 
Figure 51: Shows the pooled percentage of change in the concentration of the four elements of interest in cells 
incubated under different levels of oxygen (hypoxia/hyperoxia conditions) for 24 hours. 
Interestingly, Zn and Cu had shown a small increase at 15% O2 by 11% and 5%, respectively, 
whereas no noticeable change for Mn and Fe. And all of them had not shown any significant 
change at 10% O2 except Cu which had grown by 5% before going up sharply at 25% O2. And this 
change at 15% O2 is not understandable as 15% is within the range between 5%-21% where the 
cells should not show any change in the concentration of these two elements, Zn and Cu. 
However, as stated in (1.3.4) that the assays performed on cell populations may provide undesired 
results which are difficult to interpret as they produce the average signals or responses from many 
cells. In addition, it has been stated that cells which are genetically identical may vary in their 
responses to stimuli as will be seen later in chapter 4. In our case, 3-5 replicates measurements 
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were performed at each oxygen level and the average was then obtained. Consequently, this 
average may be higher/lower than the real value because of the variability of cells. Importantly, if 
this fact would be taken into account for Zn and Cu concentrations at 10% and 15% O2, it can be 
said that a small increase/decrease by about 5%-10% is insignificant and can be then neglected.  
As has been stated in literature, the exposure to hyperoxia can result in toxic impacts on cells 
depending on the duration of exposure and the degree of hyperoxia [53]. Therefore, the duration 
of incubation had been increased to 48 hours instead of 24 hours to study its influence on cultured 
cells.  
The four elements had responded differently to the 48 hours incubation under oxidative stress as 
shown in figure (52) below. Zn concentration was not affected and it showed the same increase 
obtained after 24 hours incubation except at 1% and 60% O2 where it grew further to reach 22% 
and 39%, respectively, after 48 hours. This rise means that the change in Zn concentration after 48 
hours was increased further by 4.5% and 11.7% at 1% and 60% O2, respectively. 
 
Figure 52: Shows the pooled percentage of change in the concentration of the four elements of interest in cells 
incubated under different levels of oxygen (hypoxia/hyperoxia conditions) for 48 hours. 
Similarly to Zn, the increase in the duration of cells’ incubation had no further impact on Cu 
concentration, which had grown by an overall average of 32% after 24 hours, at most levels of 
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oxygen. However, the change obtained after 24 hours had further increased after 48 hours by 22% 
and 13% at 60% and 15% O2, respectively. 
Surprisingly after 48 hours, Fe showed a decrease in its concentration by 30% at 1% O2 after being 
no change at this level after 24 hours. And the change occurring in Fe concentration after this time 
of incubation grew consistently by an average of 50% at each level of oxygen from 40% to 60%. It 
seems to have leveled off. Over oxygen levels from 5%-35%, Fe concentration had increased 
steadily by an average of 10% after 48 hours. Thus, it is clear that Fe concentration was influenced 
by increasing the interval of incubation as it had changed over the four oxygen levels of (1%-15%) 
whereas no noticeable change after 24 hours. 
Correspondingly to Cu, Mn did not show any further change at 1% O2 after the duration of 
incubation was increased to 48 hours. However, its concentration grew sharply by 35% after 48 
hours over oxygen levels of 30%-50% and remained stable with no further effect at 55% and 60%. 
In conclusion, it has been published recently that the cells express different levels of antioxidant 
enzymes when they are exposed to oxygen, including mitochondrial antioxidant manganese 
superoxide dismutase (Mn-SOD), cytosolic copper-zinc superoxide dismutase (Cu, Zn-SOD) and 
catalase (CAT). These molecules which are able to neutralize ROS by donating/gaining the 
unpaired electron are the major defense system against oxidative stress. In addition, many 
investigations have shown that the cells promote adaptation by increasing gene expression of 
antioxidant enzymes, such as Mn-SOD and Cu, Zn-SOD and CAT and the contents of these 
antioxidant enzymes are subsequently increased [184]. 
From this it can be inferred that the results obtained from this chapter are in line with recent 
findings that demonstrated that the gene expression of those important antioxidant enzymes are 
increased by cells exposed to redox condition. Consequently, it is most likely that this upregulation 
of these antioxidants can contribute to increase the concentration of the four elements of interest 
as they function as a cofactor for those antioxidant enzymes. They are the redox binding site of 
those enzymes where the redox reactions occur to convert ROS to neutral end products.  
Importantly, the measurement of changes occurring in intracellular elements within skeletal 
muscle cells exposed to different stress conditions does not appear to have been previously 
reported. Therefore, the present work is novel and provides a potentially useful marker of 
oxidative stress conditions. 
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3 Optimisation of the method employed for laser ablation based analysis 
3.1 Introduction 
Laser ablation based analysis is a straightforward technique with respect of sample’s preparation. 
It requires only a few steps to prepare samples resulting in decreasing the contamination that 
might be introduced to samples. In more details, the pellet of cultured cells obtained from each 
hypoxia/hyperoxia experiment mentioned previously in chapter 2 (2.2.2.1) is resuspended in the 
growth medium (GM) before being added to the cyto chamber to be spun down and distributed 
across the slide. Importantly, the cells should be mounted evenly with good sufficient number of 
discrete single cells on microscopic slides to be ablated by laser. However, the most challenging 
issue encountered for analysis by laser ablation-ICP-MS is the background of the four traces 
elements of interest in the slides. It has been found that the background of these elements is high 
in the glass slides leading to overlap with the signals obtained from single cells. More importantly, 
this background should be reduced to minimum without affecting the cells mounted on slides and 
their signals obtained when they are ablated by laser.  
Furthermore, the growth medium used to culture cells is supplemented with serum which 
contains all these elements as vitamins and growth factors that may result in increasing the 
background as it is also used in the last step of cells’ addition to slides as mentioned above. 
Therefore, a blank glass slide and another blank slide with the growth medium on it were analysed 
to see how significant they had contributed to increase the background of the four elements of 
interest. 
Laser fluence (laser output and spot size) can be decreased to reduce the elements’ background. 
However, the question that can be raised here is would this laser energy be enough to get all we 
need from the single cell? If so, is the signal obtained from a single cell free of any overlapping 
signals from slides? In order to answer all those questions, many experiments were then 
performed to reduce this background to minimum before adding the cells and three types of slides 
were also used, glass, quartz and superfrost. 
The aim of this chapter is to optimize the whole method of laser analysis in terms of distributing 
the cells uniformly across the slides to obtain a good sufficient number of single cells and 
decreasing the four elements’ background during the steps of preparation and analysis.     
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3.2 Experimental and methodology 
3.2.1 Samples Preparation for LA-ICP-MS 
Cells’ samples were prepared in the Chemistry Department and then photographed in the School 
of Sport, Exercise and Health Sciences (SSEHS) by employing Leica microsystems CMS GmbH 
(DFC360 FX, Germany). Cultured cells were transferred into an angle Cytospin chamber of area 120 
mm² with filter cards (DJB labcare, UK) to plate the cells out onto glass microscope slides (25.4 x 
76.2 mm, 1mm-1.2mm THICK, Scientific Glass laboratories ltd) by using a CytoSpin (Hettich 
Universal 320R, DJB labcare, UK). Another two types of slides were also used as will be detailed 
later in (3.2.3.4) which are quartz slide (76mm x 26mm x 1mm, Agar Scientific, UK) and Superfrost 
slide (25mm x 75mm x 1mm, Fisher Scientific, UK). Many types of solutions were used to re-
suspend the pellet of cell culture and add them to the angle chamber in order to optimize the 
method employed to prepare the samples. CytoSpin was set at operating conditions of 500 RCF 
(relative centrifugal force, which gives 2335 rpm), 5 minutes and 180 C to give an even distribution 
of cells across the slide.  
After the cells had been counted, the suspension of culture was taken immediately in an ice bath 
to the Chemistry Department in order to prepare the slides. A known number of cells were mixed 
with the growth medium or an alternative solution as detailed in section (3.2.3.2) to give a total 
volume of 0.5 ml. Then, the solution of cells was added down the internal wall of the angle 
chamber of the centrifuge. The assembly of a complete cyto insert for angle chambers is shown in 
figure (53) below. A slide is inserted first and the filter then placed above the slide after being 
labelled. An angle chamber is finally placed and a ring is tightly fastened to hold the three 
components together firmly. 50 K cells were usually added to the growth medium and mixed well 
to form a solution of 500 µl to be added into the chamber. 
 
 
Figure 53: Shows the assembly of the cyto chamber used to prepare the samples for laser analysis. 
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3.2.2 Optimisation of the method used to distribute cells across slides 
In order to improve the distribution of cells across the slide, the method of cells’ addition to slides 
was varied to optimize for single cell analysis as follows: 
 A known volume containing 50K cells suspended in the growth medium was added into 
the chamber without being diluted with the growth medium.    
 The suspension was added directly to the slide instead of adding down the internal wall of 
the chamber. 
 The suspension of 50K/100K cells was diluted with the growth medium to form 500 µl 
solution to be added into the chamber.   
 RPM (revolution per minute) was adjusted and reduced to 2000 rpm which is routinely 
used at SSEHS to spin down the cells to obtain the pellet while the temperature was kept 
at 180 C for 5 minutes. 
3.2.3 Development of the method employed for laser analysis to decrease the 
background 
3.2.3.1 Treatment of the slides with 2% HNO3  
In order to minimize the background and remove the contamination from the slide, an experiment 
of washing the glass slides by using 2% HNO3 was carried out. The required concentration of nitric 
acid was prepared and 0.5 ml of the acid was added to two glass slides to reduce the background 
by acid washing. The slides and filters were inserted in the cyto insert as mentioned above in 
(3.2.1) and then the acid was added into the angle chamber and the centrifuge was run to process 
the slides as routinely performed. A third slide not washed with acid was treated equally to the 
other slides to use as a blank. 
The three cyto inserts were taken to SSEHS without being opened. In SSEHS, the slides were taken 
out inside the safety cabinet from the cyto inserts and allowed to dry in air for 2 hours away from 
any contamination. Meanwhile, the cells were passaged and a suspension of 500 µl which 
contained 50K cells re-suspended in the growth medium was added into one of the three angle 
chambers where the  slide treated with nitric acid was placed below. Lastly, the lids were well 
sealed inside the cabinet and then the three carriers of cyto inserts were placed separately in a 
plastic bag, with a zipper on top, and transported then to the Chemistry Department.  
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The aim of the previous procedure was to prepare and handle everything under BSC, biological 
safety cabinet, where the air is well filtered and away from any contamination and then transport 
them to the Chemistry Department in plastic bags to isolate them from contaminating 
environment.  
In Chemistry Department, the carriers of cyto inserts were placed into the rotor of cytospin as 
usual and run under the same operating conditions applied routinely to plate the cells out onto 
slides. 
3.2.3.2 Usage of different solutions to plate the cells out onto slides 
The cells were re-suspended in the growth medium (GM) after being centrifuged and prior to 
counting. The suspension, containing a known number of cells, was diluted with the growth 
medium to make a 500 µl solution to be added to the angle chamber of the cytospin system. 
However, in order to reduce the background of the four elements which might result from the 
media, different solutions were used to re-suspend the cells after being counted and then added 
to the angle chamber of the cytospin. Serum free media, ultra-pure water and PBS (phosphate-
buffered saline) solutions were used to prepare the samples to minimize the background. Two 
experiments were carried out as follows: 
First experiment, at SSEHS, after the cells being re-suspended with the growth medium and 
counted using the same formula mentioned in (1.4.7), 300K cells were added into three centrifuge 
tubes, 100K cells in each, and centrifuged under the routine operating conditions of 2000 rpm, 4 
0C and 5 minute. After that, each pellet was re-suspended in 500 µl of each different solution. One 
of them was re-suspended in serum free medium whereas the two others in ultra-pure water and 
PBS. The cells in the three tubes were spun down again and the obtained pellets were re-
suspended in 500 µl of the same solution used to ensure that no growth medium remained in the 
suspension. The three tubes were placed in an ice bath and transported immediately to the 
Chemistry Department to prepare the slides as explained previously in (3.2.1).  
Second experiment, four tubes containing 500 µl of 145K cells  in each, that were re-suspended in 
the growth medium and transported to the Chemistry Department in ice bath, were centrifuged 
under the same routine operating conditions. The obtained pellet of each tube was re-suspended 
in 500 µl of a different solution, serum free medium, water, PBS and GM. After that, 50K cells of 
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the suspension was taken and diluted to 500 µl again with the same solution used to re-suspend 
prior to adding into the angle chamber.  
In the second experiment, the time the cells were in contact with the solution before being plated 
out was minimised to maintain their integrity and intact state.  
3.2.3.3 Nail polish coating of the slides 
Glass microscopic slides were coated with a monolayer of a transparent nail polish (Maybelline, 
super stay, gel nail colour 59) which is Zn free in order to cover the slides with a material that can 
absorb laser and prevent its absorbance by slides. The aim of this experiment is to 
remove/minimize the significant background by coating the slide. This method was created by a 
master student who had been working within our group and she used many materials to coat the 
slide including nail polish to reduce the background of her elements of interest [185]. Also, a PhD 
student who was working within our group used nail polish to coat his non-biological samples and 
develop his method for laser ablation analysis [186]. So I have applied their method and 
developed the ratio between acetone and nail polish to obtain a good result. 
Acetone was added to the nail polish in many different ratios to choose the best one in terms of 
homogenous surface of the slide. It has been found that a ratio of 50%: 50% is the best one to 
select. So acetone was added to the nail polish and then mixed well before adding on the slide to 
form a homogenous monolayer. The mixture then was added to the slide in many different 
quantities to choose the best one among them. It has been noticed that the addition of a big 
volume of mixture had not given a good cover as the mixture spread out the slide. Therefore, a 
small volume of 150 µl of the mixture was chosen to add to the slide observing the time between 
each addition. 
In more details, 150 µl of acetone nail polish mixture was added to the slide and then centrifuged 
applying Cytospin to coat the slides with the first layer. The slides were allowed to dry for half an 
hour before adding the second same addition of 150 µl of the mixture. A third layer was added 
after the second one being dry and the last layer was added similarly to give a coating film that 
was homogenous. The same operating parameters of the cytospin used to plate the cells onto the 
slides were applied to coat these glass microscopic slides with the nail polish mixture, which are 
2000 rpm, 4 0C and 5 minutes. 
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3.2.3.4 Usage of superfrost and quartz slides 
Superfrost slides (ultra plus ground edge 90' non-standard 25mm x 75mm x 1mm, Fisher Scientific, 
UK) were employed to mount the cells onto for laser based analysis as alternative to the regular 
glass slides. In addition, quartz slides of 76mm x 26mm x 1mm (Agar Scientific) were also used 
alternatively to the glass microscopic slides in order to reduce the significant background of the 
elements of interest obtained from the glass ones. They are expensive, however, supposed to 
contain less concentration of the trace elements of interest. These slides were applied to mount 
the skeletal muscle cells onto for LA-ICP-MS in addition to the glass slides coated by the nail polish 
in order to compare between them in terms of the background of Zn, Cu, Mn and Fe. 
3.3 Results and Discussion 
3.3.1 Optimisation of the method used to distribute cells across slides 
The samples were prepared as mentioned above in (3.2.2). It was found that when the cells were 
added directly to the slide and then spun out, their distribution across the slide was not good as 
they gathered in the edges as shown in figure (54 (a)). As a result, the number of single cells was 
insufficient for analysis. In order to improve the distribution of cells, a known number of cells, 
normally 50K cells were added down the internal wall of the angle chamber of the cytospin system 
instead of being added directly to the slide. This way of adding gave a better distribution but there 
was still accumulation of cells in some area across the slide as shown in figure (54 (b)).  
(a)   (b)  
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(c)   (d)  
Figure 54: (a) An image of a slide shows the gathering of the cells at the edge of slides when they were added directly to 
the slide. (b) An image of a slide shows the accumulation of cells in some area across the slide when they were added 
down the internal wall of angle chambers. (c) An image of a slide of 0.5 ml suspension contained 50K cells added down 
the internal wall of the angle chamber. (d) An image of a slide of 0.5 ml suspension contained 100K cells added down the 
internal wall of the angle chamber. All images were taken by Leica microscope at SSEHS. 
Alternatively, an addition of a known number of cells was diluted with the growth medium to form 
a 500 µl suspension. This is the total capacity of the angle chamber. This way of adding cells gave 
much better results in terms of the even distribution of cells across the slide and the number of 
single cells as shown in figure (54 (c)). Different number of cells, 50K/100K, were mixed with the 
growth medium to form a 500 µl suspension and then added to the chamber in order to compare 
the results and then select the good number to be added. The calculation is revealed below and 
the two results are shown in figure (54 (c and d)). A better number of single cells resulted from 
addition of 0.5 ml suspension of 50K cells as obvious in the figure above. 
An example of preparation of a 500 µl suspension containing 50K cells in growth media: 
Number of cells (using the formula mentioned in (1.4.7)) = (92 +115 +107 +102) / 4 X 2 X 10000 X 
0.5 ml = 1.04 X 106 m cells 
How many µl should be taken from the previous culture?  
50000 required cells / 1.04 X 106 total cells X 500 µl total volume of suspension = 24.04 µl 
(contains 50K cells) 
500 µl (capacity of chamber) – 24.04 µl = 475.96 µl growth medium that should be added to cells 
to form 0.5 ml suspension. 
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Adjustment of the operating conditions of the cytospin system didn’t improve the number of 
single cells across the slide. Thus, CytoSpin was set at operating conditions of less than 500 RCF 
(relative centrifugal force) to produce 2000 rpm, 5 minutes and 180 C which are routinely used by 
our group. 
3.3.2 Development of the method employed for laser analysis to decrease the 
background 
3.3.2.1 Uncoated glass slides 
It has been found that the blank glass slide is contaminated with the four trace elements of 
interest and it is the main source of the high background as shown in figure (55). Their 
concentration in the glass slide is very high and in some cases it is higher than their amount within 
the cells as will be seen later in chapter 4. So this high background needs to be reduced before the 
sample of cells is analysed by laser ablation technique.  
(a)  (b)  
(c)  (d)  
Figure 55: Shows the intensity (cps) of the four elements in a blank glass slide (a) Cu (b) Zn (c) Fe and (d) Mn, by using 25 
µm spot size and 50% laser output for all four elements. 
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Additionally, a blank glass slide with a growth medium on it was also analysed and the results for 
the four elements are shown in figure (56). As seen in the figure, the growth medium 
supplemented with 20% serum does not contribute significantly to increase the high background 
obtained from the slide itself if the same laser fluence is employed. So it is a minor source of 
overlapping signals. 
(a)  (b)  
(c)  (d)  
Figure 56: Shows the intensity (cps) of the four elements in a blank glass slide with the growth medium (a) Cu (b) Zn (c) 
Fe and (d) Mn, by using 25 µm spot size and 50% laser output for all four elements. 
Furthermore, it has been found that the background of the four elements in the blank glass slide 
was raised by increasing the fluence of laser (laser output or spot size). In fact, there was no 
significant background for Cu, Mn and Fe in the blank glass slide with the growth medium on it by 
using 30% laser output and 25 µm spot size as shown in figure (57, a, b and c). In contrast, there 
were significant signals obtained for Zn by using the same laser fluence of 30% and 25 µm as 
shown in figure (57, d) but their counts are lower than those obtained for Zn concentration in 
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muscle cells. However, when a higher laser output with the same spot size of 25 µm was used 
significant signals were obtained for all four elements as shown previously in figure (56). 
(a)  (b)  
(c)  (d)  
Figure 57: Shows the background of (a) Cu (b) Fe (c) Mn and (d) Zn in the blank glass slide with the growth medium on it 
by using 30% laser output and 25 µm spot size.    
It was obvious from the results obtained from the blank slide covered with the growth medium as 
detailed above that usage of high laser fluence (>30% output) leads to high background from the 
slide. The laser spot size was fixed at 25 µm which surrounds the cell exactly to avoid the area of 
glass slide around the cell being ablated and giving a high background signal. However, will 30% 
laser output and 25 µm spot size be enough to obtain all we need from the single cells? 
It was confirmed that 30% laser output was not sufficient to ablate the single cell completely by 
ablating the same cell again after being ablated first by applying this laser energy. Therefore, the 
laser output should be increased more than 30% while the spot size remains at 25 µm but without 
increasing the background of the four elements. 
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Consequently, in order to reduce/eliminate these high overlapping signals the glass slide was 
coated with nail polish as a barrier to prevent the penetration of laser beam and allow use of 
higher laser energy as explained later in (3.3.2.4). Also, other types of slides, quartz and superfrost, 
were used as alternative to the glass ones as detailed later in (3.3.2.5).  
3.3.2.2 Treatment of the slides with 2% HNO3 acid 
Two glass slides were treated with nitric acid in order to remove the contamination causing the 
high background. 2% of nitric acid was prepared and then 500 µl acid was added into the angle 
chambers to wash the slides that would be used. 50K cells were added down the internal wall of 
the angle chamber of one of the processed slides and then the carrier of cyto insert was well 
sealed inside the cabinet and placed into a plastic bag with a zip on top as explained in (3.2.3.1). In 
Chemistry, the cells were spun down under the normal operating conditions of 2000 rpm, 5 
minutes and 180 C.  
Unfortunately, acid washing, whilst removing contamination from the surface of the slides, was 
found not to decrease the background significantly. In fact, it was realized by this experiment that 
the high background was surely resulted from either the slide itself or the growth medium used to 
resuspend the pellet of cells. Indeed, by comparing the results obtained from the two blank slides, 
one processed with acid and the other not, it was confirmed that washing the slides with nitric 
acid did not remove/reduce the high background of trace elements of interest.  
3.3.2.3 Usage of different solutions to plate the cells out onto slides 
As mentioned previously in (3.2.3.2), it has been thought that the high background may result 
from the growth medium supplemented with serum and used to re-suspend and plate the cells 
out onto the slide. Therefore, three different solutions were used instead of growth media to 
reduce the high background. Ultra-pure water, PBS and serum free media were used to re-
suspend the pellet obtained after the cells had been spun down and then added with the cells to 
the chamber to be distributed across the slide. 
The results were variable for each element in the two experiments mentioned in (3.2.3.2). The 
cells were lysed in water in the first experiment as seen in figure (58 (a, b)) and their number was 
extremely small as clear in (a). But when the second experiment was performed in order to reduce 
the time that the cells being contacted with water a better number of cells were obtained and 
they were intact as shown in figure (58 (c)). 
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(a)  (b)  
 (c)  
Figure 58: An image of the slide of lysed cells in ultra-pure water taken by (a) Laser system built-in camera (b) Leica 
microscope. (c) An image of the slide of intact cells in ultra-pure water taken by laser system built-in camera shows how 
their number increased.                          
In PBS, the cells looked fine as well as their number in both experiments as shown in figure (59 (a)) 
whereas it was impossible to find intact single cell in the slide prepared by using serum free media 
in the first experiment as seen in figure (59 (b, c)). However, their regular shape and number were 
developed in the second experiment as the time was well controlled and minimized as shown in 
figure (59 (d)). 
(a)  (b)  
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(c)  (d)  
Figure 59: (a) An image of slide of cells re-suspended in PBS taken by laser system built-in camera. (b) An image of slide 
of cells re-suspended in serum free medium with no intact single cells taken by laser system built-in camera. (c) An 
image of slide of cells re-suspended in serum free media taken by Leica microscope shows how cells affected by SFM 
and no single cells. (d) An image of slide of cells re-suspended in SFM taken by laser system built-in camera shows how 
cells’ shape and number were improved in the second experiment. 
In fact, better results were obtained from the second experiment where the time for cells being in 
contact with their solution was reduced to minimum and that influenced the cells’ viability and 
number of intact cells. However, by employing water and SFM in the first experiment, none was 
detected in cells as they were lysed but surprisingly many significant signals were obtained from 
lysed cells and the blank area between them. It was discovered later that the obtained signals 
resulted from the slide itself as discussed earlier in (3.3.2.1).  
For example, figure (60 (a, b)) shows the significant signals obtained for Cu in the sample of cells 
resuspended in water. Equally, the four elements of interest could not be detected in cells re-
suspended in PBS in spite of being intact in the first experiment as the blank area between cells, 
which is the slide’s surface covered by PBS, and control cells had produced the same signals as 
shown in figure (60 (c, d)) for Zn as an example. As confirmed earlier in (3.3.2.1), actually, all 
obtained signals had been produced by slides themselves. They were a background generated 
from the ablated slides and they overlapped with the signals produced from the cells.   
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(a)  (b)  
(c)  (d)  
Figure 60: (a) Shows Cu in 10 blank shots between cells in the slide of cells resuspended in water (b) Shows Cu in 10 
lysed control cells resuspended in water (c) Shows Zn in 10 blank shots between cells in the slide of cells resuspended in 
PBS (d) Shows Zn in 10 control cells resuspended in PBS. (y axis is the intensity (cps) and x axis is time/s in all four 
figures). 
Similarly, in the second experiment of using three different solutions to re-suspend and mount 
cells on the slides, the results were variable and the background was also high in the blank area 
between cells. High signals were obtained sometimes when high fluence of laser was used by 
increasing either the spot size or laser output. It was realized that this background was obtained as 
a result of the partial ablation of the glass slide as illustrated above in (3.3.2.1). Thus, it was not 
possible to interpret the results obtained from this experiment unless the required laser fluence 
that should be used to ablate only the single cells, without penetrating and ablating the slide, has 
been identified and optimised. 
Actually, the results were well understood later when a blank slide covered by growth medium 
was analysed and it was realized that use of glass slides plus high laser fluence were the main 
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source of this high background. Consequently, it was not possible to decide which solution was the 
best to use for mounting cells onto slides in terms of reducing background and which one met the 
criteria required to prepare cells’ samples. 
Clearly, high laser fluence should not have been used for blank glass slides to avoid ablating the 
slide unless it is coated by an isolating material to prevent laser penetration. For this reason, a 
blank glass slide and another blank one covered with growth medium were analysed by applying 
different laser energy to find out how significant each factor contributes to the background. 
Surprisingly, the contamination generated from the growth medium was not significant and did 
not contribute to increase the high background of all four elements as mentioned earlier in 
(3.3.2.1).    
3.3.2.4 Nail polish coating of the slides 
Essentially, the previous results of the experiments mentioned in (3.2.3.1) and (3.2.3.2) led to the 
use of a different new method to coat the glass slide with a material that can prevent higher 
energy laser beam from piercing the slide.  
The homogenous film formed from acetone nail polish mixture was able to reduce the background 
and allowed the use of higher energy with laser. For Zn, up to 50% laser output was applied with 
no overlapping signals from the slide to ablate control cells as shown in figure (61 (a, b)). 
Differently to Zn, the other three elements were successfully detected in control cells by 
employing up to 60% laser output as shown in figure (13) in appendix B.  
(a)  (b)  
Figure 61: (a) Shows how the background of Zn in a glass slide was decreased by nail polish coating. (b) Shows Zn in 25 
control cells in a glass slide coated by nail polish by using the same operating conditions as indicated in the two figures. 
(y axis is the intensity (cps) and x axis is time/s in both figures). 
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3.3.2.5 The use of quartz slides 
Alternatively to glass slides, quartz and superfrost slides were used to mount the cells on. Quartz 
slides are very expensive compared to the glass ones but the background of the four elements of 
interest is very low in this kind of slides as shown in figure (62) for Cu and figure (14) for other 
three elements in appendix B. Therefore, they were used in addition to the coated glass slides to 
prepare samples for laser based work and they produced the same results as will be discussed 
later in chapter 4 by applying the same operating conditions of laser. 
(a)  (b)  
Figure 62: (a) Shows the background of Cu in a quartz slide with growth medium (b) Shows Cu in 25 control cells in a 
quartz slide by using the same operating conditions as indicated in the two figures (y axis is the intensity (cps) and x axis 
is time/s in both figures). 
On the other hand, superfrost slides which were also used to prepare the samples are not free of 
these trace elements (Zn, Cu, Mn and Fe) and their results are shown in figure (63) below. So they 
were not used as alternative to the glass slide as they are also more expensive and need to be 
coated to allow using higher laser energy. And as the glass slides are much cheaper than this kind 
of slide, so they were coated and then used to prepare the samples as detailed in (3.3.2.4).    
140 
 
(a)  (b)  
(c)  (d)  
Figure 63: Shows the background of (a) Cu (b) Zn (c) Fe and (d) Mn in a blank Superfrost slide by applying 25 µm spot size 
and 50% laser output for Cu, Fe and Mn  whereas only 40% for Zn. 
3.4 Conclusion 
It is clear that, glass slides are contaminated with zinc, copper, manganese and iron. Washing the 
glass slides with 2% HNO3 before mounting the cells on the slide did not resolve this problem. 
Accordingly, it is not possible to determine these trace redox elements in skeletal muscle cells by 
applying LA-ICP-MS to uncoated glass slides due to the high background existing in the glass slides. 
This issue cannot be completely resolved by applying lower laser energy (smaller laser spot size 
and lower laser output) as we need to make sure that the laser energy is sufficient to ablate the 
whole cell and achieve valid comparison of individual cells. Importantly, the laser beam should be 
set to the energy where a second ablation on the same single cell does not produce a significant 
signal. Any form of partial cell’s ablation will prevent the absolute determination of the element of 
interest. At the same time, it is essential to avoid slides’ partial ablation if high laser energy is 
applied. 
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In order to overcome this issue of high background, the glass slide was coated by a nail polish to 
form a homogenous film which was able to prevent the penetration of laser into the slide and 
worked as an insulating layer. As a result, higher laser energy was used to ablate the cells and 
accurate results were obtained for each element as the background was significantly reduced. For 
Zn, 50% laser output instead of 30% without slides’ coating can be applied to cells by keeping the 
spot size at 25 µm. Similarly, for the other three elements 60% output can be employed to ablate 
the cells rather than lower energy of 30% if the slide is not coated.  
Furthermore, using other solutions such as water, PBS and SFM to resuspend the cells in order to 
reduce the background is not preferable as cells were lysed in some cases. Essentially, the growth 
medium is the best solution to use to resuspend the cells before they are added to the slide as its 
contribution to increase the background is negligible when the slide is coated by the nail polish.  
Alternatively to the coated glass slide, quartz slides can be efficiently used for laser based analysis 
as the background of the elements of interest is very low. Indeed, the same results for all elements 
were obtained from both kinds of slides by applying the same laser operating conditions as 
appropriate for each element. However, the coated glass slides have an advantage over the quartz 
slides as they are very much cheaper by (500%) and easily prepared. Similarly to quartz slides, 
superfrost slides are expensive but unfortunately not free of contamination as significant signals 
for all four elements were obtained. Therefore, they were not used to prepare the samples for 
laser based analysis because the cheap glass slides are available and can be efficiently coated to 
resolve the issue of the significant background. 
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4 Determination of Zn, Cu, Fe and Mn in muscle cells by LA-ICP-MS  
4.1 Introduction 
ICP-MS is currently one of the most powerful analytical techniques to measure most periodic table 
elements precisely. In addition, it enables other techniques like laser ablation to be coupled 
efficiently for solid samples measurements. Laser ablation technique can be used to measure trace 
biological elements in solid samples without the contamination resulting from the intensive 
sample preparation prior to solution analysis. Importantly, trace redox metals can be directly 
detected by LA-ICP-MS in single biological cells with very low detection limit and high reliability. In 
fact, single cell analysis is the most appropriate method to be used by laser ablation. The laser 
beam with known energy is directly focused on each single cell mounted onto the slide to ablate it 
and all its contents are obtained.  
As seen in chapter two the four elements of interest were successfully quantified in cells’ 
population by ICP-MS. However, those liquid samples required many steps of preparation prior to 
analysis and samples’ contamination may have occurred in each step. In order to avoid any 
samples’ contamination, another straightforward technique like laser ablation was applied to 
analyse the solid samples and enable comparison of results from single cell analysis with bulk cell 
analysis.  
The same oxidative stress experiments mentioned in (2.2.2.1) were performed for this laser based 
work and the samples were then prepared as illustrated in (2.2.2.5). The method employed to 
determine the elements by laser ablation has been optimized as explained in details in chapter 
three. Two different types of slides, glass coated by nail polish and quartz, were used to mount the 
same sample of cells as seen in the previous chapter.  
The aim of the work described in this chapter is to measure the four elements of interest in single 
cells incubated under different stress conditions for 24 hours by applying LA-ICP-MS. The levels of 
oxygen applied to cells to generate the oxidative stress are 1%, 5%, 10% and 30%-60% at 10% 
intervals. The results obtained from the two types of slides will be then compared. ICP-MS and LA-
ICP-MS techniques which were used for this current study will be generally compared in the last 
chapter.  
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4.2 Experimental 
4.2.1 Instrumentation and operating parameters 
Analysis was performed using a sector-field ICP-MS instrument (Element 2XR, Thermo Scientific) 
coupled to an UP-213 laser ablation system (Electro Scientific Industries). A low volume tear-drop 
shaped cell which has been described elsewhere [187] was fitted with the laser system. Helium gas 
was used for ablation at a flow rate of 0.55 L/min and introduced with argon gas through a Y 
shaped probe to ICP-MS instrument. The operating parameters employed are shown in the 
following table (25). 
Parameters LA-ICP-MS 
ICP radio frequency (RF) power, 
W  
1050 
Cool gas flow rate, L min-1 15.75 
Auxiliary gas flow rate, L min-1 0.9 
Sample gas flow rate, L min-1 0.985 
Torch x position, mm 5.0 
Torch y position, mm 3.4 
Torch z position, mm -2.5 
Ablation gas flow (He), L min-1 0.55 
Repetition frequency, Hz 1 
Laser spot size, µm 25 
Laser output (power setting), % 50 for Zn, 60 for Cu, Fe and Mn  
Table 25: Shows LA-ICP-MS operating parameters for laser-based work. 
4.2.2 Hypoxic and hyperoxic experiments 
As mentioned in (2.2.1.1), hypoxia and hyperoxia conditions were applied to cultured cells by 
employing the hypoxic incubator (SANYO, O2/CO2 INCUBATOR, MCO-5M). Nitrogen gas was used 
to lower oxygen level in order to generate hypoxic conditions (1%, 5% and 10%). On the other 
hand, oxygen gas was used instead of nitrogen to increase oxygen level and produce hyperoxic 
conditions (30%-60%) at 10 intervals. The normal incubator (Thermo Scientific, Heracell 240i, CO2 
Incubator) was used to incubate all control cells. 
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These oxidative stress experiments were previously explained in (2.2.1.1). For 1B experiment 
(using the second batch of cells) from the cell culture process to how the cells were incubated 
under stress conditions for 24 hours and the process was the same for laser based work. 
Generally, in each experiment, after the cultured cells were counted they were split into two 
parts, one for solution work explained in chapter two and the other part was used for laser work. 
100 K each of the control cells and cells incubated under stress conditions were added to 15 ml 
centrifuge tubes, metal free, with screw cap, (VWR International LTD, UK). The tubes containing 
the cells were then transported in an ice bath to the Chemistry Department as soon as possible to 
prepare samples as shown below. 
4.2.3 Samples Preparation for LA-ICP-MS 
As stated in (2.2.2.5) and (3.2.1), the samples for laser work were prepared in the Chemistry 
Department by employing the Cytospin instrument (Hettich Universal 320R, DJB labcare, UK). They 
were transferred to angle Cytospin chambers of area 120 mm² with filter cards (DJB labcare, UK) 
to mount the cells onto two types of slides (glass microscopic slides coated by nail polish and 
quartz slides). The CytoSpin was set at operating conditions of 2000 rpm, 5 minutes and 180 C to 
give an even distribution of cells across the slide. 50K from both kind of cells (control and stressed) 
were mounted on both kind of slides (coated glass and quartz) to give 2 equal samples for each 
type of cells. The method used to prepare samples for laser based work was optimized as 
illustrated in details in chapter 3.   
4.3 Results and Discussion 
First of all, the method employed to analyse the cells’ samples was created and optimized as 
described in chapter three. Secondly, single cell analysis was performed by using LA-ICP-MS and 
100 single cells (control/stressed) were ablated, 25 cells each run, to detect each element of 
interest in each sample on glass/quartz slide. As shown in table (25) above the same laser 
operating conditions were used to determine Fe, Cu and Mn. On the other hand, Zn requires lower 
laser fluence to avoid interferences from the slide. Thirdly, the intensity mean and standard 
deviation of the signal from 100 single cells were then measured for each element in each sample 
at each level of oxygen. Area under peaks was then calculated for each element at each level of 
oxygen in order to obtain more accurate results. The percentage of change occurring in each 
element over the whole range of oxygen levels was then calculated and presented in a column 
chart to understand the effect of hypoxic/hyperoxic conditions on the four elements. 
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Finally, the results obtained for each element in the two kinds of slides (glass coated by nail polish 
and quartz) will be compared by using paired t-test to see whether the results obtained by the two 
slides do not significantly differ. The difference between each pair of results obtained by the two 
kinds of slides is taken into account in this significance test. So it can separate the variation due to 
slide from that due to variation between cells’ samples which both contribute to the variation 
between measurements.    
4.3.1 Detection of Zn, Cu, Fe and Mn in cells mounted on glass slides coated by nail 
polish 
4.3.1.1 Zn 
The results of Zn66 in 100 single control/stressed cells at each level of oxygen for 24 hours are 
shown in the following tables (26 and 27) and figure (64) and the percentage of change occurring 
in Zn intensity is shown in figure (65). It is worth mentioning, the percentage of change in Zn by 
using either the peaks’ intensity or the area under the peaks is approximately the same as shown 
in the two tables below. An example explaining how the area under the peak was calculated is 
shown in Appendix B. 
 Intensity (cps) of Zn (100 cells)/ glass slide coated by nail polish 
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Zn concentration 
1% 24343 +/- 1150 28988 +/- 1379 19.0 
5% 26951 +/- 1928 24107 +/- 1418 -11.0 
10% 27488 +/- 1438 24849 +/- 1187 -10.0 
30% 19558 +/- 1094 23284 +/- 1645 19.0 
40% 28399 +/- 1620 34421 +/- 1192 21.0 
50% 27158 +/- 1083 34161 +/- 1777 26.0 
60% 24973 +/- 1489 32921 +/- 2089 32.0 
Table 26: The intensity (cps) of Zn
66
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic 
conditions for 24 hours (mean +/- standard deviation of n measurements), LA-ICP-MS, glass slides coated by nail polish.  
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 Area under peaks of Zn (100 cells)/ glass slide coated by nail polish 
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Zn concentration 
1% 2530 +/- 534 2988 +/- 310 18.0 
5% 1443+/- 235 1365+/- 189 -5.0 
10% 3316 +/- 511 3064 +/- 608 -8.0 
30% 2267 +/- 170 2610 +/- 186 15.0 
40% 2577 +/- 280 3114 +/- 219 21.0 
50% 2811 +/- 294 3530 +/- 176 26.0 
60% 3128 +/- 191 4029 +/- 212 29.0 
Table 27: The area under peaks of Zn
66
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic 
conditions for 24 hours (mean +/- standard deviation of n measurements), LA-ICP-MS, glass slides coated by nail polish.  
 
Figure 64: Shows Zn
66
 Intensity (cps) in 100 single control cells and 100 single cells grown under hypoxic/hyperoxic 
conditions for 24 hours by LA-ICP-MS, glass slides coated by nail polish. Error bars show the standard deviation of n 
measurements (n=100).  
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Figure 65: Shows the percentage of change in Zn
66
 signals’ intensity in 100 single cells incubated under 
hypoxic/hyperoxic conditions for 24 hours, LA-ICP-MS, glass slides coated by nail polish. 
As clear from the table (26) above that there is a small variation among the samples of control 
cells and consequently in stressed cells. And as previously obtained in chapter two (solution-based 
work) that this variation is due to passage to passage conditions and day to day laboratory 
settings.  
As seen from figure (64) that Zn intensity increased in cells incubated under hyperoxic conditions, 
30%-60% O2. However, it appeared to show a small decrease at hypoxic conditions of 5% and 10% 
but not at 1% where it significantly grew up. The small decrease seen at 5% and 10% O2 appears 
not to be significant due to the overlap of confidence intervals for the control and stressed data 
means. 
From figure (65), it can be clearly seen that there is an upward trend of the change occurring in Zn 
over the range from 1%-60% except at 5% and 10% where there is a decline by 11% and 10%, 
respectively. Figure (66) shows Zn intensity in 25 single control cells and 25 single cells grown at 
5% O2 and how Zn intensity insignificantly decreased in cells grown at this level of oxygen for 24 
hours. On the other hand, figure (67) shows how Zn intensity significantly increased in 25 single 
cells incubated at 50% O2 for 24 hours. It is very obvious in the latter figure that Zn certainly 
increased in cells grown at the redox environment of 50% O2 even allowing for the variation 
among signals. In contrast, it is not very clear that Zn decreased in cells incubated at 5% as shown 
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in figure (66) as the signals are variable that may have resulted in a biased average measurement. 
And the same is true for 10% O2 where Zn also decreased. 
(a)  (b)  
Figure 66: Shows Zn
66
 intensity (cps) in 25 single (a) control cells (b) cells grown at 5% O2 for 24 hours, LA-ICP-MS, glass 
slides coated by nail polish.  
(a) (b)  
Figure 67: Shows Zn
66
 intensity (cps) in 25 single (a) control cells (b) cells grown at 50% O2 for 24 hours, LA-ICP-MS, glass 
slides coated by nail polish. 
In conclusion, it is obvious from all data stated above that Zn intensity rose dramatically in cells 
grown under hyperoxic conditions (30%-60% O2) for 24 hours by an average of 24.5% while it 
insignificantly declined under hypoxic conditions, 5% and 10% O2, except at 1% O2 as it increased 
by 19%. The question is, are 5% and 10% O2 still considered as normoxia conditions for intracellular 
Zn as confirmed in chapter two (2.3.1.1.1)? If the answer is yes, this means that Zn intensity 
obtained from these stressed cells at 5% and 10% O2 is unchanged and the small decrease can be 
neglected. 
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Essentially, it is worth remembering that Zn intensity/area under peak was measured in 100 single 
cells per sample and the average then was calculated. So this may provide an undesired result as 
the average signals or responses from 100 cells may be higher/lower than the real value as clear in 
figure (66).  
In fact, as stated earlier in (1.3.4) that it has been stated that cells which are genetically identical 
may vary in their responses to stimuli and therefore the data obtained from cell population is 
difficult to interpret due to the heterogeneity of cell population. Thus, accurate characterization of 
heterogeneous samples can be achieved by single cell analysis. However, the average responses of 
100 cells can be sometimes misleading if the cells’ signals are variable in the same range. Careful 
interpretation is required to get meaningful information especially in absence of matrix-matched 
standards in laser ablation technique.  
Consequently, this unexpected decline at 5% and 10% O2 can be neglected as the average of 
variable signals obtained from 100 single cells which vary in their response can be slightly lower 
than the real value. In addition, the overlap of error bars for the control and stressed cells means 
at 5% and 10% O2 is clear in figure (64). So this decline can be ignored and thus 5% and 10% O2 
become normoxia conditions for intracellular Zn. This result is consistent with what was concluded 
in chapter 2 where the results are averaged over 1 m cells not just 100. 
On the other hand, if the answer to the previous question is no, so the change occurring in Zn 
intensity at these two oxygen levels should be taken into account. But the question that can be 
raised here why did Zn level decrease instead of increasing to contribute to cell’s protection by 
enzymatic antioxidant defense system against the redox condition at 5% and 10% O2?  
Overall, depending on the factors explained above and the facts mentioned, it is most likely that 
Zn intensity did not decrease in cells grown at 5% and 10% O2 and these two oxygen levels are 
normoxia conditions for intracellular Zn. As a result, the insignificant decrease obtained in Zn 
intensity can be ignored and is consistent with the conclusion of chapter two and the fact of the 
heterogeneity of cell populations mentioned above.  
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4.3.1.2 Cu 
100 single control/stressed cells at each level of oxygen (1%-60%) incubated for 24 hours were 
ablated to detect Cu63 and the results are shown in tables (28 and 29) and figures (68 and 69). 
 Cu intensity (cps) in 100 cells/ glass slide coated by nail polish 
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Cu concentration 
1% 6385 +/- 598 8284 +/- 185 30.0 
5% 6648 +/- 318 5950 +/- 248 -10.0 
10% 12297 +/- 569 11584 +/- 797 -6.0 
30% 6570 +/- 187 8276 +/- 173 26.0 
40% 6376 +/- 131 8275 +/- 120 30.0 
50% 10891 +/- 548 14912 +/- 742 37.0 
60% 6193 +/- 632 10245 +/- 1099 65.0 
Table 28: Intensity of Cu
63
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic conditions 
for 24 hours (mean +/- standard deviation of n measurements), LA-ICP-MS, glass slides coated by nail polish.  
 Area under peaks of Cu (100 cells)/ glass slide coated by nail polish 
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Cu concentration 
1% 1123 +/- 105 1389 +/- 73 24.0 
5% 1165 +/- 84 1068 +/- 111 -8.0 
10% 2107 +/- 102 1995 +/- 117 -5.0 
30% 1765 +/- 99 2205 +/- 126 25.0 
40% 1580 +/- 127 2068 +/- 139 31.0 
50% 3155 +/- 108 4252 +/- 121 35.0 
60% 1134 +/- 64 1859 +/- 75 64.0 
Table 29: The area under peaks of Cu
63
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic 
conditions for 24 hours (mean +/- standard deviation of n measurements), LA-ICP-MS, glass slides coated by nail polish.  
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Figure 68: Shows Cu
63
 intensity (cps) in 100 single control cells and 100 single cells grown under hypoxic/hyperoxic 
conditions for 24 hours by LA-ICP-MS, glass slides coated by nail polish. Error bars show the standard deviation of n 
measurements (n=100).  
 
Figure 69: Shows the percentage of change in Cu
63
 signals’ intensity in 100 single cells incubated under 
hypoxic/hyperoxic conditions for 24 hours, LA-ICP-MS, glass slides coated by nail polish. 
First of all, as clear in figure (68) that Cu63 intensity (counts) in control cells’ samples is surprisingly 
the same over the whole range of 1%-60% O2 except at 10% and 50% where it is double. Secondly, 
it increased in cells grown under stress conditions when the oxygen level increased except at 5% 
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and 10% where it dropped slightly. Indeed, as seen in figure (69) that Cu grew up dramatically in 
cells incubated under hyperoxia conditions from 30%-50% O2 to reach a peak at 60% O2 by 65%. It 
is worth mentioning, the same results of the percentage of change in Cu signals’ intensity were 
obtained by calculating the area under peaks. Similarly to Zn, there was a slight decline at 5% and 
10% O2 by 10% and 6%, respectively, whereas a significant growth by 30% at 1% O2 as shown in 
figure (69) above. 
Finally, in order to understand why Cu decreased at 5% and 10% O2 two examples are shown 
below in figures (70 and 71) at 10% and 60% O2, respectively.  
(a)  (b)  
Figure 70: Shows Cu
63
 intensity (cps) in 25 single (a) control cells (b) cells grown at 10% O2 for 24 hours, LA-ICP-MS, glass 
slides coated by nail polish.  
(a)  (b)  
Figure 71: Shows Cu
63
 intensity (cps) in 25 single (a) control cells (b) cells grown at 60% O2 for 24 hours, LA-ICP-MS, glass 
slides coated by nail polish. 
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In figure (70), it is obvious that signals obtained from both control and stressed cells at 10% O2 are 
variable and overlapped over the same range. There was variation in Cu intensities between cells 
within each sample (control or stressed) as clearly seen in (b). Therefore, when the average of Cu 
intensity is measured in 100 single cells it could be misleading being slightly higher/lower than the 
real value. 
In contrast, it is very clear that Cu certainly increased in cells incubated at 60% O2 even allowing 
for the variation among cells because the difference between the two averages of control and 
stressed cells is significant as obvious in figure (71). Indeed, it is easy to conclude that Cu went up 
at 60% whereas it is difficult to prove that it decreased by 6% at 10% O2 when the variation among 
cells is taken into consideration. And the same is correct at 5% O2 where Cu decreased slightly by 
10%. 
Similarly to Zn in (4.3.1.1), this insignificant decrease in Cu at 5% and 10% O2 can be therefore 
neglected as the average of variable signals can be slightly lower than the real value. So it can be 
ignored and this result is in agreement with the result obtained in chapter 2 from solution-based 
analysis which had confirmed that Cu concentration did not change in cells incubated at 5% and 
10% O2 indicating these to be normoxia conditions for intracellular Cu.    
4.3.1.3 Fe 
The results of 100 single control cells and 100 single cells grown under stress conditions for 24 
hours are shown below in tables (30 and 31) and figures (72 and 73).  
 Fe intensity (cps) in 100 cells/ glass slide coated by nail polish 
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Fe concentration 
1% 7939 +/- 1150 6905 +/- 2014  -13.0 
5% 7658 +/- 1467 7737 +/- 1610 1.0 
10% 11419 +/- 1131 11974 +/- 945 5.0 
30% 7549 +/- 1104 8375 +/- 834 11.0 
40% 8997 +/- 1339 10336 +/- 1528 15.0 
50% 9084 +/- 4215 12967 +/- 3399 43.0 
60% 10263 +/- 2470 12450 +/- 3865 21.0 
Table 30: Intensity of Fe
57
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic conditions 
for 24 hours (mean +/- standard deviation of n measurements), LA-ICP-MS, glass slides coated by nail polish.  
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 Area under peaks of Fe (100 cells)/ glass slide coated by nail polish 
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Fe  
1% 1262 +/- 111 1135 +/- 210  -10.0 
5% 1225 +/- 165 1234 +/- 221 1.0 
10% 1747 +/- 173 1845 +/- 173 6.0 
30% 1208 +/- 185 1325 +/- 161 10.0 
40% 1399 +/- 178 1584 +/- 229 13.0 
50% 1461 +/- 616 2010 +/- 544 38.0 
60% 1645 +/- 441 1975 +/- 556 20.0 
Table 31: The area under peaks of Fe
57
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic 
conditions for 24 hours (mean +/- standard deviation of n measurements), LA-ICP-MS, glass slides coated by nail polish.  
 
Figure 72: Shows Fe
57
 intensity (cps) in 100 single control cells and 100 single cells grown under hypoxic/hyperoxic 
conditions for 24 hours by LA-ICP-MS, glass slides coated by nail polish. Error bars show the standard deviation of n 
measurements (n=100).  
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Figure 73: Shows the percentage of change in Fe
57
 signals’ intensity in 100 single cells incubated under 
hypoxic/hyperoxic conditions for 24 hours, LA-ICP-MS, glass slides coated by nail polish. 
First of all, approximately the same results of the percentage of change occurring in Fe signals’ 
intensity at all oxygen levels were obtained by measuring area under peaks. It is obvious from the 
data in the two tables and figure (72) above that Fe increased in cells exposed to stress conditions 
from 10%-60% O2 but decreased slightly at 1% with no change at 5%. It can be seen clearly from 
figure (73) above that Fe grew up gradually by an average of 10% over the oxygen level range 10%-
40% and then jumped by 43% at 50% before dropping by 21% at 60% O2. Surprisingly, it declined 
by 13% at 1% O2 with no effect at 5%. 
In contrast to Zn and Cu, the signals obtained from both control and stressed cells at each oxygen 
level are significantly variable and this can be noticeably seen from the big value of standard 
deviations of all average measurements stated in tables (30 and 31). For example, the following 
figure (74) shows the significant variation among signals obtained from 25 single control/stressed 
cells at 50% O2. 
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(a)  (b)  
Figure 74: Shows the big variation in 25 signals of Fe
57
 intensity (cps) in (a) control cells (b) cells grown at 50% O2 for 24 
hours, LA-ICP-MS, glass slides coated by nail polish.  
Indeed, in figure (74, a), there is a big difference between the big signal obtained from the first 
single cell and that tiny one obtained from the last single cell (number 25). The difference between 
the biggest and smallest signals is about 12,000 counts which can consequently lead to an 
undesired biased average. Similarly to control cells, there is a significant variation among single 
cells incubated under 50% O2 as obviously seen in (b) resulting in a misleading average. 
Surprisingly, although this significant variation was seen at all oxygen levels an upward trend in Fe 
intensity was obtained except at 50% where it jumped and 1% where there was a slight decline. 
However, when all small variable signals (smaller by 50% from the highest signal) are excluded 
from the average measurements of intensity a perfect upward trend is obtained over the whole 
range of oxygen as shown in figure (75) and the new calculations are shown in table (32). This 
result is in agreement with the data acquired in (2.3.1.3.1) of Fe in solution-based analysis.  
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Figure 75: Shows the upward trend in the percentage of change occurring in Fe
57
 intensity in cells grown under stress 
conditions for 24 hours when small variable signals have been excluded, LA-ICP-MS, glass slides coated by nail polish. 
 Fe intensity (cps) in cells by excluding small signals/ glass slide coated by nail polish 
Oxygen 
levels 
Control cells n Stressed cells n 
% of change in Fe 
concentration 
1% 7939 +/- 1150 100 7882 +/- 1067 78 -1.0 
5% 7875 +/- 1151 86 8254 +/- 839 88 5.0 
10% 11419 +/- 1131 100 11974 +/- 945 100 5.0 
30% 7549 +/- 1104 100 8494 +/- 597 94 13.0 
40% 8997 +/- 1339 100 10547 +/- 1152 96 17.0 
50% 11629 +/- 2400 81 13955 +/- 2161 84 20.0 
60% 10962 +/- 2002 88 13732 +/- 3009 91 25.0 
Table 32: Intensity of Fe
57
 in individual control cells/cells incubated under hypoxic/hyperoxic conditions for 24 hours by 
excluding small signals from average measurements (mean +/- standard deviation of n measurements), LA-ICP-MS, glass 
slides coated by nail polish. n = number of cells used for average after omitting small signals. 
In fact, when the small signals were excluded from the average measurements not all percentages 
of change occurring in Fe were significantly affected. The change in Fe at only 1% and 50% O2 was 
remarkably influenced to be -0.7% and 20% instead of -13% and 43%, respectively. But all other 
changes at the other oxygen levels were slightly increased particularly at 5% O2 where it became 
5% rather than 1% with all variable small signals included as shown in figure (76).  
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However, this percentage of 5% is still insignificant and can be thus ignored if the normal variation 
among 100 single cells is taken into account.  
(a)  (b)  
Figure 76: Shows the significant variation among cells and how small variable signals below (a) 4382 counts in control 
cells and (b) 4775 counts in cells grown at 5% O2 were excluded from the average measurements. 
In summary, Fe increased gradually in cells grown under stress conditions 5%-60% O2 except at 1% 
where it showed a slight decline. At 50% O2, Fe increased sharply by 43% which is not expected as 
it is higher than its increase at 60% O2. Since there is a significant variation among cells in Fe 
intensity and subsequently the averages measured for Fe counts may be misleading, small signals 
were excluded from the averages at all oxygen levels to obtain a reliable trend of growth. 
However, is it correct to exclude the small variable signals from the average measurements?  In 
fact, the only value that was significantly changed by excluding the small variable signals is the 
average of change at 50% O2. It was corrected to be within the upward trend of Fe increase. 
4.3.1.4 Mn 
Differently to all three previous elements, Mn could not be detected in cells incubated under 
stress conditions. However, some variable small signals were obtained from control cells as shown 
in the following figure (77, a). In spite of using a high laser energy similarly to Cu and Fe (60% 
output and 25 µm spot size) no signals were obtained in most cells grown at stress conditions over 
the whole range of 1%-60% O2. It is worth mentioning, not all control cells at all oxygen levels 
produced signals. Some samples produced as same as the signals shown in figure (77, a, b) and 
some produced less number of small signals and the rest did not give any signals. The average of 
counts obtained from 100 control cells of which 25 cells are shown in figure (77, a) were 13146 
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with a standard deviation of 1346. On the other hand, only 2 or 3 signals were obtained from each 
25 cells grown under high hyperoxia conditions such as 50% and 60% O2 as shown in figure (77, c 
and d) but at other lower oxygen levels nothing was acquired from cells. 
(a)  (b)  
(c)  (d)  
Figure 77: Shows Mn
55
 intensity in 25 control cells for (a) cells grown at 60% oxygen and (b) cells grown at 1% oxygen, by 
using high laser energy as indicated in both charts. (c) And (d) Show Mn counts in cells grown at 60% and 50% O2, 
respectively, LA-ICP-MS, glass slides coated by nail polish. 
Importantly, when laser energy was increased background signals were obtained as shown in 
figure (55) in (3.3.2.1) as the laser output and spot size were set at the point that no background 
signals appeared as explained in details in chapter three (3.3.2.4). So this means that Mn intensity 
may be below the limit of detection and consequently it could not be detected although the small 
signals obtained from some control cells and the cells incubated at high hyperoxia conditions were 
identified. However, this may be the highest Mn counts produced from cells and subsequently 
they could be detected. It is worth remembering that Mn concentration is the lowest of the 4 
elements in the cell populations analysed by ICP-MS as described in chapter 2. Therefore, it may 
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be not possible to detect it within single cells where its concentration is much lower than in the 
cell population. Furthermore, the sensitivity of detection when laser ablation technique is coupled 
with ICP-MS is much lower resulting in difficulty to detect intracellular Mn.   
4.3.2 Detection of Zn, Cu, Fe and Mn in cells mounted on quartz slides 
4.3.2.1 Zn 
The results of Zn66 in 100 single control/stressed cells at each level of oxygen for 24 hours are 
shown in the following tables (33 and 34) and figure (78) and the percentage of change occurring 
in its intensity is shown in figure (79).  
 Intensity (cps) of Zn (100 cells)/ quartz slide  
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Zn concentration 
1% 24017 +/- 1364 28861 +/- 902 20.0 
5% 27181 +/- 2251 24072 +/- 1218 -11.0 
10% 29983 +/- 1395 27553 +/- 2270 -8.0 
30% 19188 +/- 1318 23236 +/- 1089 21.0 
40% 27870 +/- 875 34657 +/- 1606 24.0 
50% 26870 +/- 1326 34127 +/- 2189 27.0 
60% 24763 +/- 1739 32683 +/- 2103 32.0 
Table 33: Signals’ intensity of Zn
66
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic 
conditions for 24 hours (mean +/- standard deviation of n measurements) by LA-ICP-MS, quartz slides.  
 Area under peaks of Zn in 100 cells/ quartz slides 
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Zn  
1% 1485 +/- 260 1781 +/- 131 20.0 
5% 1780 +/- 110 1621 +/- 243 -9.0 
10% 2192 +/- 137 2076 +/- 151 -5.0 
30% 1748 +/- 189 2020 +/- 115 16.0 
40% 2502 +/- 218 3048 +/- 112 22.0 
50% 2638 +/- 198 3329 +/- 127 26.0 
60% 2307 +/- 117 3009 +/- 156 30.0 
Table 34: The area under peaks of Zn
66
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic 
conditions for 24 hours (mean +/- standard deviation of n measurements) by LA-ICP-MS, quartz slides.  
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Figure 78: Shows Zn
66
 intensity (cps) in 100 single control cells and 100 single cells grown under hypoxic/hyperoxic 
conditions for 24 hours by LA-ICP-MS, quartz slides. Error bars show the standard deviation of n measurements (n=100).  
 
Figure 79: Shows the percentage of change in Zn
66
 signals’ intensity in 100 single cells incubated under 
hypoxic/hyperoxic conditions for 24 hours, LA-ICP-MS, quartz slides. 
First of all, the same percentage of change occurring in Zn signals’ intensity was obtained when 
area under peaks was calculated at each oxygen level. There is a variation among control cells’ 
samples due to day-to-day laboratory conditions and passage to passage numbers.  
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This variation can be clearly seen in figure (78) in unequal blue columns representing the seven 
control samples.  
It is obvious in figure (78) that there is a growth in Zn intensity in cells exposed to oxidative stress 
over the range of oxygen levels of 30%-60% and at 1%. In contrast, Zn showed a small decrease at 
5% and 10% O2 to be as hypoxic conditions for intracellular Zn.  
Indeed, figure (79) shows a dramatic increase by 26% in Zn intensity within cells grown under 
hyperoxic conditions, 30%-60% O2, and by 20% at 1% while a negative change of 11% and 8% were 
seen at 5% and 10%, respectively. This result is in line with that previously obtained in (4.3.1.1) by 
employing glass slides coated by nail polish. However, it is not consistent with the data obtained in 
chapter two (solution-based work) which indicated that 5% and 10% O2 are normoxia conditions 
for intracellular Zn.  
In order to interpret this result two examples for Zn intensity in 25 single control cells and 25 
single cells exposed to stress conditions at 10% and 60% O2 are shown below in figures (80) and 
(81).  
(a)  (b)  
Figure 80: Shows Zn
66
 intensity (cps) in 25 single (a) control cells (b) cells grown at 10% O2 for 24 hours, LA-ICP-MS, 
quartz slides.  
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(a)  (b)  
Figure 81: Shows Zn
66
 intensity (cps) in 25 single (a) control cells (b) cells grown at 60% O2 for 24 hours, LA-ICP-MS, 
quartz slides. 
It is clear in figure (80, a and b) that there is no significant difference between Zn counts in two 
types of cells, control and stressed, as there is already variation among 25 cells in each figure. As 
mentioned in (4.3.1.1) that Zn intensity was detected in 100 single cells per sample and the 
average then was measured. Therefore, this may have produced a higher/lower average 
measurement than the real value. In contrast, it is obvious that there is a significant difference in 
Zn intensity between control and stressed cells incubated at 60% O2 despite the variation among 
25 cells in each sample as clear in figure (81, a and b). So it can be easily concluded that Zn 
intensity increased in cells grown at 60% O2 by 32%. 
In summary, the result acquired from quartz slides is the same as the result obtained from glass 
slides coated by nail polish. So the same discussion and interpretation mentioned in (4.3.1.1) with 
respect to 5% and 10% O2 can be applied here on quartz slides. It can be concluded that Zn 
intensity rose dramatically in cells incubated under hyperoxia conditions of 30%-60% O2 and 
declined at 5% and 10% by 11% and 8%, respectively. However, the confidence intervals for 
control and stressed cells overlap (as shown by the error bars in figure (78), thus these small 
decreases cannot be considered significant. So it can be rejected and thus 5% and 10% O2 become 
normoxia conditions for intracellular Zn.  
4.3.2.2 Cu 
The results of Cu63 in 100 single control and stressed cells in quartz slides are shown in tables (35 
and 36) and figure (82) and the percentage of change occurring in Cu under stress conditions for 
24 hours is illustrated in figure (83). 
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 Cu intensity (cps) in 100 cells/ quartz slides 
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Cu concentration 
1% 6469 +/- 343 8309 +/- 187 28.0 
5% 6767 +/- 415 6126 +/- 323 -9.0 
10% 12105 +/- 619 11497 +/- 835 -5.0 
30% 6349 +/- 204 8271 +/- 160 30.0 
40% 6314 +/- 94 8423 +/-  163 33.0 
50% 9758 +/- 224 13826 +/- 825 42.0 
60% 5938 +/- 373 9883 +/- 522 66.0 
Table 35: Signals’ intensity of Cu
63
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic 
conditions for 24 hours (mean +/- standard deviation of n measurements) by LA-ICP-MS, quartz slides.  
 Area under peaks of Cu in 100 cells/ quartz slides 
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Cu concentration 
1% 1115 +/- 83 1394 +/- 47 25.0 
5% 1122+/- 75 1028 +/- 72 -8.0 
10% 2089 +/- 94 2013 +/- 119 -4.0 
30% 1736 +/- 142 2134 +/- 142 23.0 
40% 1565 +/- 165 2025+/-  135 29.0 
50% 3101 +/- 120 4178 +/- 167 35.0 
60% 1158 +/- 44 1899 +/- 11 64.0 
Table 36: The area under peaks of Cu
63
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic 
conditions for 24 hours (mean +/- standard deviation of n measurements) by LA-ICP-MS, quartz slides.  
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Figure 82: Shows Cu
63
 intensity (cps) in 100 single control cells and 100 single cells grown under hypoxic/hyperoxic 
conditions for 24 hours by LA-ICP-MS, quartz slides. Error bars show the standard deviation of n measurements (n=100). 
 
Figure 83: Shows the percentage of change in Cu
63
 signals’ intensity in 100 single cells incubated under 
hypoxic/hyperoxic conditions for 24 hours, LA-ICP-MS, quartz slides. 
Similarly to nail polish coated slides, Cu intensity is the same in all control cells’ samples by an 
average of 6367 counts over the whole range of oxygen levels except at 10% and 50%. The 
variation among control samples is expected and normal due to different passage numbers and 
day-to-day conditions. In figure (82), it is obvious that there was a significant increase in Cu 
intensity in cells incubated under stress conditions for 24 hours.  
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However, there was a slight decrease at 5% and 10% O2. Importantly, the percentage of change in 
Cu signals’ intensity is equal to the percentage of change in the area under peaks of Cu at all 
oxygen levels. 
It is clear from figure (83) that Cu grew up gradually from 30%-50% O2 before it increased sharply 
by 66% at 60%. On the other hand, it showed a slight drop at 5% and 10% O2 by 9% and 5%, 
respectively. Importantly, this data is consistent with the result acquired from nail polish coated 
glass slides in (4.3.1.2) at these two oxygen levels and the rest of levels. However, this is not 
surprising as the two slides, glass and quartz, were prepared from the same sample of cells as 
mentioned previously in (4.2.3). 
Consequently, all the discussion and data interpretation mentioned in (4.3.1.2) with nail polish 
coated glass slides can be applied here on the quartz slides as the same results were obtained at 
all oxygen levels. By comparing the two charts in figure (84) at 5% O2 with those in figure (85) at 
50% O2, it can be seen clearly that it is easier to conclude that Cu increased at 50% than to prove 
that it decreased at 5% if the normal variation among cells is taken into consideration. It is worth 
mentioning here that each chart in figures (84 and 85) shows only 25 out of 100 single cells 
ablated. So due to the normal variation among cells it is not possible to be certain that Cu went 
down by 9% in cells grown at 5% O2 or even by 5% at 10%. The average is sometimes biased and 
not real if it is measured from 100 cells which are naturally heterogeneous. 
(a)  (b)  
Figure 84: Shows Cu
63
 intensity (cps) in 25 single (a) control cells (b) cells grown at 5% O2 for 24 hours, LA-ICP-MS, quartz 
slides.  
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(a)  (b)  
Figure 85: Shows Cu
63
 intensity (cps) in 25 single (a) control cells (b) cells grown at 50% O2 for 24 hours, LA-ICP-MS, 
quartz slides.  
Overall, the results obtained from quartz slides are in line with the results acquired from glass 
slides coated by nail polish. Both of them showed a dramatic growth in Cu by an average of 39% in 
cells grown under stress conditions 1%-60% O2 for 24 hours except at 5% and 10% where they 
both showed an insignificant decrease. However, the confidence intervals for control and stressed 
cells overlap (as shown by the error bars in figure (82)), thus these small decreases at 5% and 10% 
cannot be considered significant.  
4.3.2.3 Fe 
The results of 100 single control/cells incubated under hypoxia/hyperoxia conditions for 24 hours 
are shown in tables (37 and 38) and figures (86 and 87). 
 Fe intensity (cps) in 100 cells/ quartz slides 
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Fe  
1% 7578 +/- 1757 7229.5 +/- 1865 -5.0 
5% 7889 +/- 1368 7792.5 +/- 1517 -1.0 
10% 11535 +/- 1235 12002 +/- 930 4.0 
30% 7328 +/- 1227 8222 +/- 751 12.0 
40% 9154 +/- 1072 10523 +/- 1082 15.0 
50% 10139 +/- 3486 13902.5 +/- 2359 37.0 
60% 10409 +/- 2517 12169 +/- 4319 17.0 
Table 37: Signals’ intensity of Fe
57
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic 
conditions for 24 hours (mean +/- standard deviation of n measurements) by LA-ICP-MS, quartz slides.  
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 Area under peaks of Fe in 100 cells/ quartz slides 
Oxygen levels Control cells, n=100 Stressed cells, n=100 % of change in Fe  
1% 1228 +/- 320 1155 +/- 291 -6.0 
5% 1264 +/- 170 1243 +/- 379 -2.0 
10% 1765 +/- 189 1836 +/- 142 4.0 
30% 1121 +/- 188 1258 +/- 115 12.0 
40% 1418 +/- 164 1610 +/- 166 14.0 
50% 1595 +/- 480 2127 +/- 361 33.0 
60% 1624 +/- 382 1942 +/- 584 20.0 
Table 38: The area under peaks of Fe
57
 in 100 single control cells and 100 single cells incubated under hypoxic/hyperoxic 
conditions for 24 hours (mean +/- standard deviation of n measurements) by LA-ICP-MS, quartz slides.  
 
Figure 86: Shows Fe
57
 intensity (cps) in 100 single control cells and 100 single cells grown under hypoxic/hyperoxic 
conditions for 24 hours by LA-ICP-MS, quartz slides. Error bars show the standard deviation of n measurements (n=100).  
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Figure 87: Shows the percentage of change in Fe
57
 signals’ intensity in 100 single cells incubated under 
hypoxic/hyperoxic conditions for 24 hours, LA-ICP-MS, quartz slides. 
Obviously, it can be seen that Fe increased in cells grown under stress conditions of 10%-60% O2 
with no change at 5%.It decreased very slightly at 5% O2 by -1% which it is considered as zero 
change if the variation of signals is counted. In addition, it showed an insignificant decline at 1% O2 
by 5%.  
In figure (87), it can be noticed that there was a significant jump at 50% O2 by 37% whereas Fe 
increased gradually over the range of 10%-60% except at 50% O2. And this result is consistent with 
the data acquired for Fe in the nail polish coated glass slides in (4.3.1.3) where an upward trend 
over the whole range of oxygen levels and a jump at 50% O2. More importantly, the percentage of 
change in both the signals’ intensity and the area under peaks of Fe is the same at all oxygen 
levels. 
It is worth mentioning that the 100 signals are variable and consequently the average 
measurements may be unreliable as indicated by the error bars of the standard deviations in 
figure (86). However, if the small variable signals (smaller by 50% from the highest signal) are 
excluded as done with the results obtained from the glass slides coated by nail polish a perfect 
trend is obtained as shown in the following figure (88) and the data is shown in table (39). 
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 Fe intensity (cps) in cells by excluding small signals / quartz slides 
Oxygen levels Control cells n Stressed cells n % of change in Fe  
1% 7895 +/- 1432 92 7599 +/- 1437 93 -4.0 
5% 8108 +/- 980 81 7792 +/- 1517 100 -4.0 
10% 11535 +/- 1235 100 12002 +/- 930 100 4.0 
30% 7328 +/- 1227 100 8222 +/- 751 100 12.0 
40% 9154 +/- 1072 100 10523 +/- 1082 100 15.0 
50% 11774 +/- 2228 83 13903 +/- 2359 100 18.0 
60% 11089 +/- 1845 90 14329 +/- 2828 78 29.0 
Table 39: Intensity of Fe
57
 in individual control cells/cells incubated under hypoxic/hyperoxic conditions for 24 hours by 
excluding small signals from average measurements (mean +/- standard deviation of n measurements), LA-ICP-MS, 
quartz slides. n = number of cells used for average after omitting small signals. 
 
Figure 88: Shows the upward trend in the percentage of change occurring in Fe
57
 intensity in cells grown under stress 
conditions for 24 hours when small variable signals have been excluded, LA-ICP-MS, quartz slides. 
As seen in the figure above that Fe showed a gradual increase over the range of oxygen levels 
from 10%-60% with a small decrease at 1% and 5% when the small variable signals are excluded 
from the average measurements. The percentage of change in Fe was not affected by excluding 
the small signals at 10%-40% as there were no signals below 50% of the highest signal at those 
oxygen levels as clear in the following figure (89) for 10% and 40% oxygen. On the other hand at 
60% O2, the percentage of Fe change increased from 17% to 29% when the small signals were 
excluded as shown in figure (90), however, an obvious upward trend was still obtained over the 
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oxygen range from 10%-60%. Similarly, the percentage increased slightly at 5% O2 to be -4% 
instead of -1% with the small signals included in the average measurements. However, this change 
is still not significant particularly if we know that no small signals were excluded from the average 
of cells incubated under stress conditions of 5% O2. 
(a)  (b)  
Figure 89: Shows that there are no small variable signals below the red line excluded from the average measurements of 
Fe
57
 in quartz slides at (a) 10% O2 below 6769 and (b) 40% O2 below 6144 counts. 
(a)  (b)  
Figure 90: Shows how small variable signals were excluded from the average measurements at 60% O2 in quartz slides in 
(a) control cells below 6638 counts and (b) cells grown at 60% O2 below 8378 counts. 
Overall, quartz slides produced the same results obtained from nail polish coated glass slides as 
they were prepared from the same cells’ samples. They showed that there was a significant 
variation among signals obtained from single cells leading to possibly inaccurate averages.  
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In fact, they showed that Fe rose dramatically over the oxygen level’s range 10%-60% with an 
unexpected jump at 50%. But when the small variable signals less than 50% of the highest signal 
were excluded from the average measurements a reliable upward trend was obtained. 
Importantly, the percentages of Fe change at the other oxygen levels were not influenced 
significantly when the small signals had been excluded. Similarly, the percentage of Fe change was 
not affected significantly at 1% and 5% where Fe showed an insignificant drop that can be ignored 
if the variation of cells is taken into account. More importantly, this result concluded from both 
kinds of slides is in agreement with the results acquired from solution-based analysis in (2.3.1.3.1) 
except at 10% O2 where no Fe change was seen.  
4.3.3.4 Mn 
Similarly to Mn results acquired from nail polish coated glass slides, only small signals were 
obtained from some control cells as shown in figure (91). Not all control samples produced the 
same number of signals or even gave any signals in spite of using high laser energy as indicated in 
the two charts in figure (91) below. Overlapping background signals appeared when laser energy 
was increased.  
(a)  (b)  
Figure 91: Shows Mn
55
 intensity in single control cells by using high laser energy as indicated in the two charts, quartz 
slides, LA-ICP-MS. 
On the other hand, a very small number of variable signals was obtained from cells incubated 
under stress environments at only high hyperoxia conditions, 50% and 60%, as shown in figure 
(92). 
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(a)  (b)  
Figure 92: Shows Mn
55
 intensity in single cells incubated under (a) 60% oxygen and (b) 50% oxygen, LA-ICP-MS, quartz 
slides. 
In fact, Mn has the lowest concentration among the other elements of interest as seen in chapter 
two in cell populations processed by ICP-MS. Therefore, Mn could not be detected in the single 
cells where its concentration is much lower than cell populations of million cells. Consequently, it 
may be below the detection limit especially when laser technique is connected to ICP-MS where 
the sensitivity is lower. The question here is why and how had the signals from some control cells 
been detected? They may have had the highest Mn concentration which could have been 
detected even at the lower sensitivity.  
4.3.3 Comparison between coated glass slides and quartz slides  
Both kinds of slides produced the same results for all four elements of interest at most oxygen 
levels. First of all, the same laser energy could be applied to both types of slides in order to ablate 
cells mounted on with no overlapping interferences. 
Secondly, the results obtained for each element in both kinds of slides are equal regardless of the 
slight difference in intensity values as the data acquired is still in the same range. The trend of 
change occurring in each element in cells exposed to stress conditions over the whole range of 
oxygen levels is equivalent. 
For Zn, surprisingly, the percentages of change in Zn intensity occurring in cells exposed to all 
different oxygen levels were the same in both kinds of slides and they were different only by 1.4%. 
The upward trend of change in Zn over the whole oxygen range is also equivalent even at 5% and 
10% where it slightly decreased. In order to test that the two kinds of slides produced the same 
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results, paired t-test can be employed at 5% significance level. This kind of t-test can be used here 
as the two slides were prepared from the same sample of cells.  
Actually, a paired t-test takes account of additional variation resulting from the independence of 
the observations. In addition, it does not require both samples to have equivalent variance. The 
paired t-test measures the difference within each pair of measurements at each level of oxygen, 
calculates the mean of these changes, and states whether this mean of the differences occurring is 
statistically significant [183]. So the null hypothesis is that the two slides do not differ significantly 
at 5% probability level. As seen in the following figure (93) that the null hypothesis is retained as 
the calculated t is less than the critical t and therefore the two slides produced the same results.  
 
Figure 93: Shows paired t-test for the percentage of change in Zn
66
 in cells’ samples in both kinds of slides, quartz and 
nail polish coated slides, LA-ICP-MS. The result is acquired from Excel 2010.  
Similarly to Zn, the two types of slides produced the same results in terms of the percentage of 
change occurring in Cu in cells exposed to all oxygen levels and the upward trend. Also, both slides 
showed a negative change in Cu at 5% and 10% oxygen. So in order to test whether the two slides 
gave the same results that did not differ significantly, paired t-test was used and the result is 
shown in the following figure (94). As seen from the table that the value of calculated t is less than 
the value of critical t. Therefore, the null hypothesis stating that the two kinds of slides produced 
the same results is retained. Indeed, the two slides are different only by an average of 2.4% in 
terms of the percentage of change in Cu in cells incubated at all oxygen levels. 
Paired t-test
Oxygen level Coated glass slide Quartz slide Difference (Quartz - Coated glass)
1% 19.08 20.17 1.09
5% -10.55 -11.44 -0.89
10% -9.60 -8.10 1.50
30% 19.05 21.10 2.05
40% 21.20 24.35 3.15
50% 25.79 27.01 1.22
60% 31.83 31.98 0.16
n= 7 1.18
1.29
2.41
2.45
(% of change in Zn)/ LA-ICP-MS
Mean
Standard Deviation (SD)
Calculated t (mean*SQRT(7)/SD)
Critical t
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Figure 94: Shows paired t-test for the percentage of change in Cu
63
 in cells’ samples in both kinds of slides, quartz and 
nail polish coated slides, LA-ICP-MS. The result is acquired from Excel 2010.  
The most obvious agreement between quartz slides and nail polish coated glass slides was in Fe. 
Both slides showed the same negative change at 1% oxygen and the equal jump at 50% with a 
similarity at the rest of oxygen levels. And they are different by only 3.3% with respect to the 
percentages of change in Fe in the stressed cells at all oxygen levels. It is worth remembering that 
the signals obtained from individual cells on both kinds of slides were very variable. Interestingly, 
both slides showed the same variation in each sample of cells. Similarly to Zn and Cu, paired t-test 
was used as shown in figure (95) to test if the two slides differ significantly or not. As seen in the 
figure that the calculated t is less than the critical one, so the two types of slides produced the 
same results for Fe. 
 
Figure 95: Shows paired t-test for the percentage of change in Fe
57
 in cells’ samples in both kinds of slides, quartz and 
nail polish coated slides, LA-ICP-MS. The result is acquired from Excel 2010.  
Paired t-test
Oxygen level Coated glass slide Quartz slide Difference (Quartz - Coated glass)
1% 29.74 28.44 -1.30
5% -10.50 -9.47 1.03
10% -5.80 -5.02 0.78
30% 25.97 30.27 4.31
40% 29.78 33.40 3.62
50% 36.92 41.69 4.77
60% 65.43 66.44 1.01
n= 7 2.03
2.23
2.41
2.45
(% of change in Cu)/ LA-ICP-MS
Mean
Standard Deviation (SD)
Calculated t (mean*SQRT(7)/SD)
Critical t
Paired t-test
Oxygen level Coated glass slide Quartz slide Difference (Coated glass - Quartz)
1% -13.03 -4.60 -8.43
5% 1.04 -1.22 2.26
10% 4.86 4.05 0.81
30% 10.93 12.20 -1.27
40% 14.88 14.95 -0.07
50% 42.75 37.12 5.63
60% 21.30 16.91 4.39
n= 7 0.47
4.62
0.27
2.45
(% of change in Fe)/ LA-ICP-MS
Mean
Standard Deviation (SD)
Calculated t (mean*SQRT(7)/SD)
Critical t
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Finally for Mn, the two kinds of slides showed the same results. Both slides showed that small 
variable signals could sometimes be obtained for Mn in single control cells and occasionally from 
cells grown at high oxygen levels (50% and 60%). Generally, however, Mn was not successfully 
detected in single cells, on either type of slide.  
Overall, both types of slides are appropriate to use for laser ablation-based analysis when laser 
beam is set to an appropriate fluence to avoid the overlapping background signals. The two slides 
produced the same results for each element of interest by using the same laser energy as shown in 
figure (96). However, the nail polish coated glass slides are much cheaper by 500% than the quartz 
ones and are easily prepared.  
(a)   
(b)  
Figure 96: Shows the percentages of change in Cu, Zn and Fe in 100 single cells incubated under stress conditions for 24 
hours in (a) quartz slides and (b) nail polish coated glass slides, analysed by LA-ICP-MS. 
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4.4 Conclusion 
It can be generally concluded that all elements of interest except Mn were successfully detected in 
single cells incubated under hypoxia/hyperoxia conditions for 24 hours by applying laser ablation 
technology coupled with inductively coupled plasma mass spectrometry. All elements of interest 
except Mn had shown a significant change in cells exposed to different stress environments as 
shown in figure (97). Seven oxygen levels (1%, 5%, 10%, 30%, 40%, 50%, and 60%) were employed 
to generate stress conditions on cells.  
In more details, muscle cells diluted with the growth medium were mounted onto two kinds of 
slides, quartz and glass. The latter were coated by nail polish to reduce/remove the background of 
the elements of interest as a homogenous layer was formed to prevent the penetration of laser 
into the slides and generation of significant overlapping background signals. The same laser energy 
was applied to both kinds of slides to ablate the single cells. Zn was detected by using 50% laser 
output and 25 µm spot size whereas higher laser energy of 60% output with the same spot size 
was used for the other three elements, Cu, Fe and Mn. The two types of slides had produced the 
same results for all four elements at all oxygen levels as paired t-test confirmed. So the pooled 
percentages of change in all four elements measured from quartz and glass slides at all oxygen 
levels are shown in figure (97). 
 
Figure 97: The pooled percentages of change in Cu, Zn and Fe in 100 single cells incubated under stress conditions for 24 
hours, LA-ICP-MS, quartz and nail polish coated glass slides. 
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Importantly, there was a general variation between signals obtained from 100 single cells in each 
sample especially with Fe where the variation was significant. In fact, it has been reported that 
cells which are genetically identical may vary in their responses to stimuli and therefore the 
average responses of 100 cells can be sometimes higher/lower than the real value and require 
careful interpretation to get meaningful information. 
In summary, Zn, Cu and Fe had shown a gradual growth in the cells incubated under oxygen levels 
of 30%-60%. The most significant increase was in Cu by an average of 41% and then in Zn and Fe 
by 25% and 21%, respectively, over this range of oxygen levels. Equally, Cu produced the highest 
increase at 1% O2 by an average of 29% and then Zn by 20% whereas Fe showed a slight decrease 
which can possibly be ignored due to the significant variation between signals. 
Similarly to Fe at 1% O2, Cu and Zn showed a very slight decrease at 5% and 10% which can be 
neglected if the variation among 100 single cells in each sample is taken into consideration. 
Indeed, the average measurements can be ambiguous if the signals obtained from both kinds of 
cells, control and stressed, are variable over the same range of counts and accordingly the 
difference between them is not clearly seen. The same can be applied to Fe at these two levels of 
oxygen as it showed a change by an average of 2%. Since the variability of Fe signals is the most 
significant at all oxygen levels, so this slight change in Fe at 5% oxygen can be also ignored. 
Therefore, 5% and 10% oxygen are normoxia states for intracellular Zn, Cu and Fe and their 
intensities were not changed in the cells exposed to these three oxygen levels.  
Finally, Mn was not detected in the single cells like the other three elements as only a few small 
variable signals were obtained from some control cells and only two to three variable signals were 
obtained from cells grown at high stress conditions (only 50% and 60%). Mn has the lowest 
concentration within cells as seen in the data acquired from chapter 2. Consequently, it may be 
below the limit of detection and can not be detected in single cells by LA-ICP-MS where the 
sensitivity is much lower than ICP-MS.  
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5 Determination of Zn, Cu, Fe and Mn in single cancer cells by LA-ICP-MS 
and comparison between skeletal muscle cells and cancer cells  
5.1 Introduction 
It has been demonstrated that oxidative stress prompts a cellular redox disturbance that has been 
seen in many cancer cells. Carcinogenesis is a complicated multi-stage process which can be 
identified as a disturbance between cell death and cell proliferation shifted towards the latter. It 
has been reported that ROS have a role in all three stages of carcinogenesis which are initiation, 
promotion and progression. In the promotion stage, the activity of cellular antioxidant defense 
systems such as SOD and catalase is strongly inhibited by several tumour promoters. In fact, there 
is a link between the overproduction of ROS and disturbed activity of antioxidant protection 
system. Moreover, the cell division can be stimulated in this stage by a low level of oxidative stress 
which can induce the promotion of tumour growth. And this indicates that the generation of ROS 
throughout this stage is the main line of ROS-related tumour promotion [61].  
It has been shown that many biological processes are affected by the cellular redox environment, 
for example, signal transduction, enzyme activation, DNA synthesis and cell proliferation. More 
importantly, the level of oxidants/antioxidants in the cell seems to be an important factor for 
induction/inhibition of cell proliferation. Cell proliferation is stimulated by a more reducing 
environment while cell differentiation and death are initiated by an oxidizing environment. And 
cancer is characterized by a more reducing environment of the cell. Apparently, the cellular redox 
balance is disturbed in cancer cells compared with normal cells and the changed levels of 
enzymatic antioxidants such as SOD and catalase are apparent in several human cancers [61]. The 
involvement of oxidative stress in carcinogenesis can be found in numerous reviews [188-195]. 
Numerous studies have been carried out to investigate the potential risk factors for cancer. And 
the involvement of trace elements in cancer diseases has received remarkable attention [190]. 
They have been widely measured in biological fluids of cancer patients such as serum [188, 196-
199] and plasma [200, 201] and in malignant tissues of various cancer patients [188, 198, 202]. 
There is a large body of literature on the levels of some important trace elements such as Zn, Cu, 
Mn and Fe in patients with various types of cancer as they act as cofactors for the enzymatic 
antioxidants, Cu, Zn-SOD, Mn-SOD and catalase, respectively.  
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In fact, the results demonstrated in the literature are conflicting and contradictory due to the 
difficulty in analyzing trace elements without contamination [189].  It should be noted, numerous 
studies have reported that the level of these trace elements in patients with cancer is altered 
compared to control healthy subjects. And this change in trace elements’ level is considered as a 
useful biomarker. Additionally, the results in the literature have shown that the concentration of 
these biological trace elements has differently changed according to the type of specimens taken 
from patients with cancer. Zn, for example, showed variable results in a study undertaken to 
compare the levels of four elements including Zn in the serum and tissue of breast tumour 
patients. Lower serum concentration of Zn was observed in patients with cancer compared to the 
control group while its level was elevated in the malignant tissues [198]. 
Furthermore, the results in the literature have shown that the tumour type affected the level of 
trace elements measured in the same type of specimens. For example, one study aimed to 
compare the serum Cu and Zn levels in patients divided into four groups depending on the cancer 
types they had. Zn showed a decrease in only two groups while the mean serum Cu level increased 
significantly in all patients groups [199]. 
The association between oxidative stress and the level of certain trace elements in patients with 
cancer has received a growing interest as a direct correlation has been demonstrated between the 
concentrations of trace elements and cancer progression [188]. While this current study was 
about measurement of trace elements in muscle cells in response to oxidative stress, it is useful to 
measure the same elements of interest also in cancer cells to compare their levels between the 
two kinds of cells. And this can help to estimate the extent of oxidative stress the muscle cells 
reached after they had been exposed to hypoxia/hyperoxia conditions for 24 and 48 hours.    
The purpose of this chapter is to consider the trace elements of interest from the standpoint of 
both their levels in individual cancer cells by applying LA-ICP-MS and the comparison between 
muscle cells described in chapter 4 and cancer cells. 
5.2 Experimental 
5.2.1 Instrumentation and operating parameters 
Similarly to skeletal muscle cells, analysis was performed using a sector-field ICP-MS instrument 
(Element 2XR, Thermo Scientific) coupled to a UP-213 laser ablation system (Electro Scientific 
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Industries). A tear-drop shaped cell was fitted with the laser system. Helium gas was used for 
ablation at a flow rate of 0.55 L/min and introduced with argon gas through a Y shaped probe to 
ICP-MS instrument. The operating conditions of LA-ICP-MS are shown in the following table (40). 
Parameters LA-ICP-MS 
ICP radio frequency power (RF) 1260 
Sample gas flow rate (L/min) 0.898 
Cool gas flow rate (L/min) 15.5 
Auxiliary gas flow rate (L/min) 0.95 
Torch x position (mm) 5.0 
Torch y position (mm) 3.9 
Torch z position (mm) -2.10 
Laser spot size (µm) 25-30 
Repetition frequency (Hz) 1 (single shot) 
Laser power setting % 40-60 
Table 40: Operating parameters of LA-ICP-MS for single cancer cells analysis. 
5.2.2 Adherent cell culture of cancer cells 
All cell culture work of cancer cells was carried out at the Centre for Biological Engineering and by 
using a class II biological safety cabinet. A cell line of A549 was cultured in T-25 flask of canted 
neck, surface area 25 cm2 and capacity 50 ml. RPMI 1640 medium (Roswell Park Memorial 
Institute Medium) with L-glutamine and sodium bicarbonate X2 which was supplemented with 
(1%) Fetal Bovine Serum X2 was used for the culture. After 3 days incubation (Heraeus HERAcell, 
Thermo Electron Corporation) at 36.40 C and 5% CO2, cells were washed with Dulbecco's modified 
phosphate buffered saline and released from the surface of the flask with trypsin. The culture was 
collected and centrifuged at 400 g, 1200 rpm for 5 minutes by using (HERAEUS LABOFUGE 400R 
centrifuge, Thermo Scientific). Glass haemocytometer under a microscope (Nikon ECLIPSE TS100) 
was used to count the cultured cells which were mixed well with trypan blue. All reagents and 
glassware used for cell culture were purchased from Sigma-Aldrich. 
5.2.3 Samples preparation 
Cells’ samples were prepared in the Chemistry Department. As illustrated in chapter 3 in (3.2.1), 
cells in culture media were transferred into an angle Cytospin chamber of area 120 mm² with filter 
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cards (DJB labcare, UK) as shown earlier in figure (53) to plate the cells onto slides (Polysine 
Adhesion Slides, Thermo Scientific, UK) by using a CytoSpin (Hettich Universal 320R, DJB labcare, 
UK). CytoSpin was set at operating conditions of 1200 rpm, 5 minutes and 180 C to distribute the 
single cells across the slide. 
5.3 Methodology 
5.3.1 Cell culture of cancer cells 
Adherent cancer cell passage (subculture) was performed inside a biological safety cabinet (BSC). 
Similarly to muscle cells C2C12, the cells were passaged by following the same procedure 
explained previously in (1.4.6). Briefly, the confluence (80-90%) of the cultured cells was checked 
under the microscope before discarding the old media from the flask. 5 ml of PBS buffer was 
added down the side of the flask covering the whole surface to wash the cells and remove any 
remaining media. 1 ml of trypsin was added down the side in order to release the adherent cells 
from the surface of the flask after aspirating the PBS buffer. The flask was immediately incubated 
for 3 minutes at 36.40 C and 5% CO2 (standard operating conditions of all incubators in the CBE). 
Then, the movement of round cells was checked under the microscope after tapping the flask 
gently to release all remaining attached cells. In order to quench the trypsin, 3 ml of a warm 
medium was added and mixed well with the cells providing a cloudy culture. The cells were 
transferred into a Falcon tube and centrifuged forming a pellet. The pellet was tapped strongly by 
fingers after discarding the supernatant and then re-suspended in 5 ml of media. 50 µl of culture 
was taken and placed in an Eppendorf for cell counting.  
Cells were counted as explained in chapter one in (1.4.7) and in figure (6) and the seeding 
densities for passage days and the required amount of the growth medium and trypsin are shown 
previously in table (3) in chapter two.  
5.3.2 Samples preparation for LA-ICP-MS 
The centrifuge tube containing the cells with media was placed in an ice bath and transported to 
the Chemistry Department to prepare the samples. 50K cells were aspirated from the total 
cultured cells and transferred into an Eppendorf tube. Fresh medium was added to give a total of 
500 µl (the capacity of the Cytospin chamber) and mixed well. The quantity of cells was chosen to 
provide the best distribution of the single cells across the slide for single cell targeting. The sample 
of the cells was then added into the angle Cytospin chamber and run at 1200 rpm, 5 minutes and 
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180C. Finally, the slide was cut down using a glass cutter to get an approximate size of 1.5 cm X 1.5 
cm in order to fit into the tear-drop cell of the laser ablation system. 
5.4 Results and discussion 
50 single control cancer cells were ablated by laser beam in each sample for all elements of 
interest. The intensity average of 50 signals of each isotope of element of interest was then 
calculated with the standard deviation of the replicate measurements. The fluence of laser used 
was varied in terms of the spot size and the percentage of laser output and will be indicated in 
each figure as follows. Zn66, Cu63, Fe57 and Mn55 were selected to detect the four elements in each 
individual cancer cell by laser ablation-ICP-MS. It should be noted, the baseline signal between 
shots is high in case of Cu, Fe and Mn and the signals above this high baseline are of interest. 
Essentially, the baseline is different on different days due to differences in sensitivity of the 
instrument used, as well as setup related issues such as the presence of air leaks. Some air is 
always present but the amount varies depending on setup and tuning. Therefore, the average 
intensities between shots was calculated and then subtracted from all readings obtained for the 
three isotopes in individual cancer cells and also in blank shots to give signals above background.  
5.4.1 Detection of Zn in cancer cells 
Similarly to the glass slides, the background of Zn in the polysine slides with the growth medium 
was high as shown in figure (98, a). Therefore, low laser fluence was used to avoid the interfering 
signals. 40% laser output and 25/30 µm spot size were applied to ablate individual cells. The 
intensity of Zn66 in individual cells is higher than its background in the slides themselves covered 
with the growth medium by employing these laser settings as shown in figure (98, b). The intensity 
average of Zn66 in 50 individual cells is (87914 +/- 26146) whereas in blank is (25257 +/- 2319) 
which is lower than cells. 
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(a)  (b)  
Figure 98: Zn
66
 intensity measured by LA-ICP-MS in (a) 10 blank shots and (b) 10 individual cancer cells mounted on 
polysine slides. 
5.4.2 Detection of Cu in cancer cells 
50% laser output with 30 µm spot size were used to measure Cu in 50 individual cancer cells 
mounted on the polysine slides. The background of Cu in the slides themselves is high as shown in 
figure (99, a), however, these interfering signals were avoided as shown in the figure below in (b) 
by using the laser operating conditions mentioned above. The average intensity of Cu63 above 
baseline in 50 individual cells is (44034 +/- 6505) which is higher than its level in blank shots 
(13491 +/- 1456). Similarly to Zn, Cu intensity is high in cancer cells but still less than Zn. 
(a)  (b)  
Figure 99: Cu
63
 intensity measured by LA-ICP-MS in (a) 10 blank shots and (b) 10 individual cancer cells mounted on 
polysine slides. 
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5.4.3 Detection of Fe in cancer cells 
In order to avoid the high background of Fe in polysine slides, low laser fluence of 50% output and 
25 µm spot size was employed to measure Fe57 in 50 individual cancer cells as shown below in 
figure (100). The average intensity of Fe57 above baseline in this number of individual cells is 
(29741 +/- 6567) which is higher than its level in the blank slide covered with the growth medium 
(13198 +/- 994). 
(a)  (b)  
Figure 100: Fe
57
 intensity measured by LA-ICP-MS in (a) 10 blank shots and (b) 10 individual cancer cells mounted on 
polysine slides. 
5.4.4 Detection of Mn in cancer cells 
This redox trace element could not be measured in muscle cells exposed to stress conditions as 
shown previously in chapter 4. Surprisingly, it was successfully measured in cancer cells by 
employing laser fluence of 60% output and 25 µm spot size as shown in figure (101) below. Its 
signal (above baseline) in the Polysine slide covered with the growth medium is (19497+/- 7213) 
which is lower than its average signal in 50 individual cancer cells (96165 +/- 14673). 
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(a)  (b)  
Figure 101: Mn
55
 intensity measured by LA-ICP-MS in (a) 10 blank shots and (b) 10 individual cancer cells mounted on 
polysine slides. 
5.4.5 Comparison between cancer cells and skeletal muscle cells 
The four elements of interest were successfully measured by the laser ablation- ICP-MS technique, 
except Mn in muscle cells, in these two cell lines. Three different kinds of microscopic slides were 
used to prepare the samples of cells. As seen in chapter 4, quartz and nail polish coated glass 
slides were used for muscle cells while polysine slides were used for cancer cells. As described 
previously, the interferences of the four elements of interest was high in all kinds of slides. 
Consequently, low laser fluence was employed to avoid the interferences in all kinds of slides. 
However, a lower laser output with the same spot size was used to measure Zn, Cu and Fe in 
cancer cells while the same laser fluence was employed for Mn in both kinds of cells.  
It is worth mentioning before comparing between the two cell lines, the absolute comparison 
between the two kinds of cells is not valid due to the following reasons: 
 The two analyses were performed on different days and different kinds of slides were 
used. 
 The sensitivity of ICP-MS varied causing differences in baseline and signal intensities for 
each element of interest. 
 The fluence of laser used to ablate the cells was slightly different in case of Zn, Cu and Fe. 
 The absence of matrix-matched standard was the most important factor making it 
impossible to reliably compare the results from different days. 
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However, it is possible to qualitatively compare between signals intensities that were obtained 
from elements of interest in the two types of cells especially when the sensitivity of instrument 
used was high in both cases. 
Generally, it was found that the signal obtained from the isotopes of the four elements was much 
higher in cancer cells than skeletal muscle cells even when the latter are exposed to high stress 
conditions of 60% oxygen. This suggests that cancer cells are highly stressed compared to muscle 
cells exposed to oxygen 1%-60% for 24 and 48 hours. More importantly, Mn was successfully 
measured in cancer cells after it was found that it was not possible to be detected in individual 
muscle cells.  
5.5 Conclusion 
In absence of calibration data the concentration of the four elements of interest in cancer and 
muscle cells cannot be quantitatively compared. In addition, the two analyses were carried out on 
completely different times leading to differences in sensitivity of the instrument used. Without a 
standard, the comparison between cancer and muscle cells can be only performed qualitatively.  
The results showed that the signals of all elements of interest obtained by applying LA-ICP-MS to 
individual cells are significantly higher in the cancer cells incubated under normal conditions at 
21% O2 compared to the control muscle cells which were grown at the same conditions. 
Similarly to control muscle cells, it was found that Zn66 showed the highest signal in cancer cells as 
well as Mn55 which was below the detection limit in muscle cells. In contrast, Fe57 showed the 
lowest signal after Cu63 as shown in figure (102). However, in comparison with muscle cells, the 
most remarkable increase was seen in Cu as its intensity in cancer cells is higher than its average 
intensity in all control muscle cells. 
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Figure 102: Shows the average signal intensity of the four isotopes of interest in individual cancer cells using LA-ICP-MS. 
Error bars show the standard deviation of n measurements (n=50). 
In addition, their intensity in cancer cells is still higher than all muscle cells which were exposed to 
hypoxia/hyperoxia conditions. And the most significant increase was seen in Cu and then in Zn and 
Fe. 
Noticeably, Fe showed less variation in signals obtained from 50 individual cancer cells than signals 
from 100 individual muscle cells (control/stressed). Mn was not successfully measured in muscle 
cells as described earlier in chapter 4; however, it was successfully measured in cancer cells and 
therefore was at a higher concentration than in the muscle cells.  
In agreement with the above findings, it has been reported in literature that Mn level, which is 
involved in antioxidant enzymes (Mn-SOD) with effective anti-tumour activity, is significantly 
elevated in cancer cells [61]. With respect to Cu, there have been numerous studies in the 
literature reporting that the level of Cu is elevated in a variety of malignancies including serum, 
plasma and solid tumour [188, 196-200, 202]. On the other hand, most results in the literature 
have demonstrated that Zn showed a decrease in malignancies compared to healthy subjects [189, 
196, 198, 200, 202]. Some other studies appear to prove that Zn level is elevated in malignant 
tissue [198, 202] while the rest showed an unaltered concentration [197, 202]. Similarly to Zn, 
some studies concerning Fe have shown a decrease in Fe level in malignancies [196] whereas 
some other investigations have demonstrated that Fe level remained unaltered [197]. 
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Overall, in the present study, significantly increased elemental level was demonstrated in cancer 
cells (A549) which appear to prove the significant extent of oxidative stress associated with these 
cancerous cells. And the elemental levels in muscle cells which were incubated under 
hypoxia/hyperoxia conditions by altering oxygen level from 1% to 60% are still significantly lower 
than malignant cells.   
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6 Conclusion and general discussion 
It has been shown in the literature that chronic exposure to excessive formation of ROS can 
potentially lead to a shift in the intracellular redox balance towards a more oxidant state which is 
accompanied with upregulation of antioxidant enzymatic compounds. In fact, antioxidant defense 
system is sufficient to scavenge the excessive ROS production during low intensity and duration 
exercise. However, when the intensity and duration of physical activity increase, the oxidative 
damage to surrounding tissues accordingly is elevated as the defense compounds are no longer 
adequate. Consequently, oxidative damage of biomolecules, inflammation and many chronic 
diseases can be promoted. 
Due to the importance of the intracellular oxidative stress and the increasing concern on its 
deleterious damage, many analytical techniques have been developed to measure the oxidative 
damage. Indeed, over the past 30 years, it has been reported in the literature that the oxidative 
damage has been widely measured by biological biomarkers whose structures are harmfully 
affected by ROS and accordingly changed such as DNA, proteins and lipids. Additionally, it has 
been reported in the literature that the intracellular oxidative damage has been widely measured 
by quantifying the activity of enzymatic antioxidants. In fact, the concentration of these 
antioxidant compounds relies on their formation and consumption during oxidative stress as they 
have the capability to minimize the effect of oxidative damage. Chapter one (1.1.6) summarizes 
the common biomarkers and the analytical assays which have been widely used to measure the 
intracellular oxidative damage.  
Unfortunately, none of these biomarkers is sufficient to discover the potential role of oxidative 
stress involved in pathogenic mechanism of human diseases [49, 78]. There are no ideal 
biomarkers or optimal methods but some biomarkers are more reliable and stable during the 
analysis than others [49]. Consequently, the selection of appropriate biomarkers should depend 
on the study aim. Careful consideration is necessarily required for even the most developed 
biomarkers prior to applying them in human researches [49, 105]. 
In addition, analytical methods applied for their measurement should be chemically robust, 
repeatable and with high sensitivity and low detection limit to compare between reference and 
changed values in living organisms. It is highly beneficial to identify an ideal biomarker as well as 
an optimal method to assess oxidative stress. Therefore, the availability of a reliable non-invasive 
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biomarker to measure oxidative stress is the ultimate challenge in the biological field [59]. As a 
result, the beneficial properties of highly sensitive techniques like ICP-MS and LA-ICP-MS open the 
doors to use them to quantify the oxidative damage by measuring proper biomarkers within 
humans. 
Consequently, these two powerful techniques were applied to liquid and solid samples to measure 
four important trace transition metals (Fe, Cu, Zn and Mn) which play a central role in controlling 
many metabolic and signaling pathways. They also play an essential role as a cofactor for 
enzymatic antioxidant compounds which protect human cells against oxidative damage. They 
were measured in skeletal muscle cells which were incubated under stress conditions (1%-60% O2) 
for 24 and 48 hours. The quantification of such significant biological elements within cells can be a 
reliable oxidative stress biomarker. 
Indeed, the results of this current study demonstrated that the intracellular concentration of the 
four elements of interest were affected by changing oxygen levels as they showed a dramatic 
increase at high oxygen levels (30%-60%), at different rates. They also showed a change at 1% O2 
indicating hypoxia conditions whereas no significant change at 5%-15% O2 indicated these levels to 
be normoxia environments for them. The four elements were successfully quantified in cell 
populations by utilizing ICP-MS as well as qualitatively measured in individual cells by using LA-ICP-
MS. More importantly, the percentages of change occurred in Zn, Cu and Fe acquired from both 
techniques were consistent as shown in figure (103) below and demonstrated a strong positive 
correlation coefficient (R); for Zn (0.98), Cu (0.95) and Fe (0.9). This finding can prove the reliability 
of the method proposed to use these vital cofactors as oxidative stress biomarkers.  
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(a)  
(b)  
Figure 103: (a) Shows the results acquired from cell populations grown at stress conditions for 24 hours and analyzed by 
ICP-MS (b) Shows the results acquired from individual cells grown at stress conditions for 24 hours and analyzed by LA-
ICP-MS. 
In principle, each method has its own advantages and limitations as will be mentioned in the 
following section. The benefits and disadvantages of both techniques for analysis of biological 
samples have been the subject of several reviews published and are available in the literature [70, 
203-205]. 
193 
 
6.1 Advantages and disadvantages of ICP-MS  
Advantages disadvantages 
 It has multielement capability (the 
ability to measure more than one 
element simultaneously) and fast 
screening of specific elements even in 
complex samples. 
 Some essential biological elements like 
sulfur and phosphorus are not 
efficiently ionized in ICP due to their 
high ionization energy. Therefore, their 
measurement is associated with 
polyatomic interferences. 
 The ionization process is more efficient 
taking place in a chemically inert 
environment. 
 Isobaric interferences which can be 
avoided by measuring another isotope 
that is not interfered by isobars. 
 The ability to measure isotopes is a 
major advantage for mass spectrometry 
methods. 
 Oxides interferences which can be 
reduced by elevating the temperature 
of plasma and slowing the rate of 
spraying gas flow.  
 It has lesser interferences, higher 
precision and shorter analytical time 
compared to other analytical 
approaches. 
 Polyatomic ions (a type of frequent 
interference), which can be avoided by 
using medium/high resolution. 
 It has extremely low detection limits for 
a wide variety of elements (ngL−1 
range), simple specimen preparation 
and high throughput. 
 Possible metal contamination resulted 
from the strong digestion of the sample 
before the analysis. 
 It has a high selectively and sensitivity 
and a low amount of sample is 
required. 
 Signal fluctuation which can be 
overcome by using internal standards. 
 It can be efficiently coupled with many 
various kinds of sample introduction 
(versatility) which allows for 
 Spectral interferences and this 
limitation can be easily overcome by 
the application of instruments operated 
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customization of techniques for a 
particular sample type or form of 
analyte. 
 Calibration is simple which provides 
high precision and accuracy of 
measurements. 
at medium/high mass resolution (using 
sector field mass spectrometers) or by 
collision/reaction cell instrument. 
However, both strategies reduce the 
sensitivity 
6.2 Advantages and disadvantages of LA-ICP-MS  
Advantages disadvantages 
 It is a solid state mass spectrometric 
technique, allows the direct 
measurement of trace elements in 
biological samples. 
 The length of time required for data 
acquisition.  
 An accurate sampling of very small 
samples (single cells) is possible, which 
is not easily achieved by nebulisation 
based ICP-MS. 
 The difficulty in establishing absolute 
concentrations in solids due to the lack 
of suitable matrix-matched standard 
reference materials. 
 The most sensitive technique for the 
imaging of elements in biological tissue 
as it can be applied for directly imaging 
(mapping) the elemental distribution in 
thin cuts of biological samples. 
 Ambiguous signal spikes commonly 
occur when analysis of the spots is 
performed and the identification of 
these disturbances can be difficult. 
 The assay is performed with minimal 
sample preparation with no need for 
digestion, dissolution, chemical 
modification, or filtration which greatly 
increase the potential for 
contamination or reduce sensitivity due 
to dilution or poor extraction yields. 
 Changes in elemental response which 
can be overcome by internal 
standardization using a naturally 
occurring element of known 
concentration found within the matrix 
of the material under investigation with 
similar ablation properties as the 
analyte. 
 It has a large dynamic range, an isotope  High background when laser energy is 
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capability, a high sample throughput 
and precision of the analytical data. 
increased by rising either the laser 
output or spot size. 
 The quantification of analytical data is 
relatively simple compared to others if 
suitable matrix matched standard 
reference materials are available. 
 Fluctuations in laser output power, 
variations in the mass and transport 
efficiency of ablated material, 
instrumental drift, plasma instability 
and surface imperfections lead to slight 
changes in height relative to the focus 
position of the laser. All these 
drawbacks can be overcome by using 
internal standards. 
 
6.3 Comparison of the techniques used for the current study (ICP-MS and LA-ICP-
MS) 
Both powerful analytical techniques applied to perform this current research showed accurate 
results which are consistent. However, ICP-MS used for the population study taking the average of 
1 million cells is more accurate. Calibration, which was efficiently performed by adding two 
internal standards to all liquid cells’ samples, provided more accurate elemental quantification. In 
contrast, only semi quantification was achieved by applying laser ablation to solid samples due to 
the lack of standard reference materials. Moreover, the average measurements of 1 million cells 
analysed by ICP-MS demonstrated more consistent data with less variability. On the other hand, 
only 100 individual cells were ablated by laser which led to more variable average measurements 
as seen in the case of Fe.  
The ability to directly ablate individual cells is the major advantage of LA-ICP-MS as the assay was 
performed with minimal sample preparation with no need for acid digestion which greatly 
increase the potential for contamination. However, less sensitivity was obtained when laser 
ablation system was coupled with ICP-MS resulting in higher detection limit as found in the case of 
Mn. Additionally, the issue of background when laser ablation method is used should be taken into 
account to avoid misleading data. 
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Overall, it was beneficial to use these two different methods as each one showed advantageous 
data. ICP-MS used for solution-based method provided us with more accurate average quantifying 
measurements. On the other hand, laser ablation-ICP-MS technique applied for solid samples 
demonstrated further data of individual intracellular stress and how single cells are different in 
response especialy in the case of Fe. 
6.4 Comparison of the other analytical techniques  
The two techniques used to carry out this current study have the advantages over the other 
available analytical techniques as the determination of trace elements in biological samples 
requires highly sensitive techniques in order to quantify each element in cells or tissues. To date, 
several analytical approaches have been developed for elemental quantification/qualification 
within biological systems. However, many factors should be considered before selecting the 
appropriate method such as timing, accuracy and the cost. In addition, the intensive manipulation 
of a sample analysed for trace metals is a key issue in elemental analysis resulting in 
contamination throughout the digestion and dilution of the sample. Metal determination process 
can be also performed via sub-cellular fractionation of the cell contents in which cross 
contamination may occur. Elemental analysis cannot provide accurate results without appropriate 
sample preparation procedures. More importantly, separation methods utilized in some metal 
speciation work can result in loss of metals of interest during sample treatments steps. 
By considering all factors mentioned above, correct analytical techniques must be selected prior to 
the study in order to obtain accurate data. Indeed, numerous methods have been used to study 
trace elements such as Zn, Cu and Fe within biological samples. However, the most common 
analytical methods published so far in the literature are ICP-MS, ETAAS (Atomic absorption 
spectrometry with electrothermal atomization) and TXRF (total reflection X-ray fluorescence) due 
to their high sensitivity and low sample amount requirements. Table (41) reveals the advantages 
and disadvantages of ETAAS and TXRF techniques to distinguish the desirable features of ICP-MS 
which were described previously above. It is worth mentioning, atomic absorption spectrometry 
with flame ionization (FAAS) is also widely used for elemental analysis. However, it requires a 
relatively big quantity of analyte compared to the available amount of biological samples. It has 
also limited sensitivity due to a limited sampling efficiency (short residence time of analyte in 
optical path). In fact, there were attempts to use this technique to perform this current study but 
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they failed as a bigger amount of samples was required which led to dilute the samples and 
consequently the analyte of interest being diluted below the detection limit. 
 TXRF ETAAS 
Advantages  A technique for quantitative and 
qualitative analysis. 
A technique for quantitative and 
qualitative analysis. 
 The LOD is usually on the order 
of (ng g-1) and with some pre-
concentrated samples is (pg g-1). 
A technique for determination of analytes 
at low concentrations (mg L-1). 
 Simultaneous intracellular 
concentration measurement of 
different elements. 
Very small sample amount (as low as 
0.5µL) and low spectral interferences due 
to high temperature. 
Disadvantages Possibility of metal 
contamination resulted from the 
strong digestion of the sample 
prior to analysis. 
The technique depends on the sample 
mass, the instrument calibration and the 
sample homogeneity. 
 Inadequate sample treatment can 
result in: 
- contamination of the sample 
- incomplete digestion 
- loss of analyte during 
evaporation. 
Expensive, low precision, low sample 
throughput, high matrix interferences 
and requires high level of operator skill.  
Table 41: Advantages and disadvantages of TXRF and ETAAS techniques used widely to measure metals in biological 
samples. 
6.5 Conclusion 
In summary, this current study demonstrated that trace elemental analysis based on ICP-MS and 
LA-ICP-MS can be efficiently applied to measure intracellular oxidative stress in skeletal muscle 
cells that were exposed to hypoxia/hyperoxia conditions.  Zn, Cu, Fe and Mn were successfully 
measured as oxidative damage biomarkers. The data acquired from both techniques are positively 
correlated. In addition, in this research, a novel analytical method was introduced since there have 
been no previous reported studies measuring changes in concentration of redox-active elements 
in human cells subjected to different controlled oxidative stress conditions in vitro. 
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Further work can be performed in vitro by using lower oxygen concentrations (˂1%) to investigate 
further the effect of the oxygen lack on biological cells. Incubation duration can be also increased 
to investigate further the influence of incubation time on viability of cells and how they respond.  
In vivo, laser ablation can be used for imaging the elemental distribution in cells or tissue sections 
for qualitative analysis. Also, separation techniques coupled with ICP-MS or LA-ICP-MS can be 
employed for quantitative/qualitative elemental analysis. With the help of ICP-MS, which has the 
required high sensitivity, elemental selectivity, low detection limit, wide dynamic range and 
isotope ratio capability, further investigations in vitro and vivo can be performed to study the 
oxidative damage within biological environments. In vivo, muscle biopsies of people undergoing 
exercise can be analysed for these trace biological elements as intracellular biomarkers of 
oxidative stress.  
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8 Postgraduate research student skills training record 
Activity Skills 
Addressed 
(use RDF) 
Time 
Claimed 
(days) 
Date 
Completed 
Seminar of Writing a world-class paper 2D 0.3 25/9/2013 
Word grammar workshop 5A 0.2 28/10/2013 
Giving Opinions and Agreeing/Disagreeing workshop 5A 0.2 29/10/2013 
Training on LTQ instrument with Sarah 1B 0.2 29/10/2013 
Department seminar by Dr Andrew Dove 2D 0.2 30/10/2013 
Training with John on ICP-MS 1B 0.4 30/10/2013 
Workshop of Finding Information for your Literature 
Review - Practice 
A 0.2 31/10/2013 
Workshop of Academic Citation - Common reporting 
verbs: meaning, function and stance 
2D 0.2 31/10/2013 
Workshop of Academic Grammar - Punctuation 5A 0.2 4/11/2013 
Workshop of Being Effective as a Researcher B1, B2 0.4 5/11/2013 
Department safety lecture of good lab practice, 
introduction 
1B 0.1 13/11/2013 
Workshop of An Introduction to Research Data 
Management (RDM) 
C 0.1 20/11/2013 
Workshop of Reading & Writing Research Articles - 
Exploring the Abstract 
D 0.3 25/11/2013 
Training with John on cell partitioning 1B 0.5 26/11/2013 
Workshop of Reading & Writing Research Articles - 
Exploring Introductions 
D 0.3 2/12/2013 
Training with Tharwat on ICP-MS 1B 0.5 3/12/2013 
Fire safety training 1B 0.2 4/12/2013 
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Workshop of teaching skill part A B1, D3 0.3 4/12/2013 
Training with Amy on Laser ablation-ICP-MS 1B 1.0 5/12/2013 
Workshop of teaching skill part B B1, D3 0.3 5/12/2013 
Training with John on La-ICP-MS 1B 1.0 6/12/2013 
Workshops of Reading & Writing Research Articles - 
Exploring methodology 
D 0.3 9/12/2013 
Workshop of teaching skill part C B1, D3 0.4 10/12/2013 
An Inaugural Lecture given by Professor David Deacon 2D 0.3 11/12/2013 
Induction to chemical bioengineerning lab 1B,4C 0.3 11/12/2013 
Workshop of Keeping up-to-date A 0.3 21/1/2014 
Induction day for new PhD students 1B,4C 0.5 22/1/2014 
Safety seminar (flammable materials) 1B 0.1 22/1/2014 
Training with Tharwat on ICP-MS 1B 1.0 11/2/2014 
4th annual health and wellbeing research conference 1A 1.0 17/2/2014 
Safety seminar (cold burns and flammable gases) 1B 0.1 26/2/2014 
Safety seminar (Corrosive materials) 1B 0.1 12/3/2014 
finding Information for your Literature Review - 
theory 
A 0.2 4/4/2014 
Safety seminar (Electrical hazards) 1B 0.1 16/4/2014 
Safety Seminar on Pressurised Gases  1B 0.1 7/5/2014 
Chemistry Research Day 1A 1.0 21/5/2014 
Science Matters 2014 D2, D3, B3 1.0 22/5/2014 
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4 lab demonstrations for undergraduate students 
with Dr Helen Reid 
1A 2.0 17/3/2014 
24/3/2014 
28/4/2014 
12/5/2014 
Cell culture training at chemical bioengineering by 
John  
1B 2.0 17/3/2014 
20/3/2014 
31/3/2014 
3/4/2014 
7/4/2014 
10/4/2014 
Safety seminar (High pressure/high temperature 
operations) 
1B, 1E 0.1 11/6/2014 
Safety seminar (Radioactive materials and ionizing 
radiation) 
1B, 1E 0.1 2/7/2014 
Workshop of  tools for creative thinking 4C 0.4 15/10/2014 
Safety seminar (Vacuum Systems) 1B, 1E 0.1 15/10/2014 
 Workshop of managing your research as a project 2E 0.4 21/10/2014 
Training workshop at Chemistry department, sample 
preparation and use of IR spectrophotometers 
3A, 3C, 1B, 
4C, 5D 
0.3 29/10/2014 
Induction day at SSEHS with Dr Neil Martin 4C, 1B 0.3 4/11/2014 
Workshop of  writing your thesis in word 2010 part 1 4A, 2E 0.4 5/11/2013 
Workshop of  Plagiarism and citation for PGRs 2D 0.1 6/11/2014 
Training in cell culture of muscle cells with Dr Neil 
Martin and a postgraduate student (Ayan) at SSEHS 
1B, 5A, 4C, 
5D 
0.3 10/11/2014 
Training in muscle cell culture at SSEHS with Ayan 1B, 5A, 4C, 
5D 
1.3 11/11/2014 
12/11/2014 
13/11/2014 
Workshop of writing your thesis in word 2010 part 2 4A, 2E 0.4 12/11/2014 
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Safety seminar (Explosive and energetic materials) 1B, 1E 0.1 12/11/2014 
Workshop of academic writing style and grammar-
exploring noun phrase usage in academic writing 
2E 0.3 17/11/2014 
Training workshop at Chemistry department, liquid 
chromatography – sampling & basic instrument 
operation 
3A, 3C, 1B, 
4C, 5D 
0.3 19/11/2013 
Workshop of collaboration: tools to help you share 
and communicate your research  
4C, 5E 0.3 24/11/2014 
Workshop of doing a systematic review 2C 0.3 2/12/2014 
Workshop of protecting your research ideas 1C 0.4 3/12/2014 
Safety seminar (Waste disposal) 1B, 1E 0.1 3/12/2014 
Workshop of open access: why is it important to me? 2A, 2B, 2D 0.2 4/12/2015 
Safety seminar (Vacuum systems) 1B, 1E 0.1 21/1/2015 
Training workshop at Chemistry department, gas 
chromatography – sampling & basic instrument 
operation 
3A, 3C, 1B, 
4C, 5D 
0.1 27/1/2015 
Training workshop at Chemistry department, using pH 
& conductivity meters 
3A, 3C, 1B, 
4C, 5D 
0.1 28/1/2015 
The 8th Saudi Student Conference in UK 1A, 4C 2.0 31/1-1/2/2015 
The fifth annual health and wellbeing conference at 
Loughborough university  
1A, 4C 1.0 23/2/2015 
Passage cells 10 times as part of training on muscle 
cells C2C12 
5A, 5D 1.0 Different dates 
in November- 
December 
2015 
Two lab demonstrations for undergraduate students 
with Dr Helen Reid (CMB010) +students’ samples 
analysis 
1A, 5B, 4C 6.6 27/4/2015 
11/5/2015 
Different days 
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Safety seminar (Project Management) 1B, 1E 0.1 21/4/2015 
Laser Safety Awareness training course 1B, 1E 0.4 22/4/2015 
Safety seminar (PG careers) 1B, 1E 0.1 13/5/2015 
2 lab demonstrations for undergraduate students 
with Dr Helen Reid (CMB010) 
1A 2.0 14/03/2016 
9/5/2016 
Train two students, Odedra S. and Cowen M., from 
Chemistry Department on cell culture at SSEHS in 
2015 and 2016. 
1A, 5B, 4C  2 months-2015 
2 months-2016 
 
Conferences attended for poster presentation Date 
4th annual health and wellbeing research conference, 
Loughborough University. 
17/02/2014 
Chemistry Research Day, Loughborough University. 21/05/2014 
Science Matters 2014, Loughborough University. 22/05/2014 
The 8th Saudi Student Conference in UK, London. 31/01-01/02/2015 
RSC 4th Analytical Biosciences Early Career Researcher 
Meeting 2017, Warwick University, Coventry. 
15-16/03/2017 
The 4th world congress on mass spectrometry, 
London. 
19-21/06/2017 
Analytical Research Forum 2017, London. 07/07/2017 
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9 Appendices 
9.1 Appendix A  
Components g/L 
Inorganic salts  
CaCl2 0.2 
Fe (NO3)3. 9H2O 0.0001 
MgSO4 0.09767 
KCl 0.4 
NaHCO3 3.7 
NaCl 6.4 
NaH2PO4 0.109 
Amino acids  
L-Arginine. HCl 0.084 
L-Cystine. 2HCl 0.0626 
L-Glutamine 0.584 
Glycine 0.03 
L-Histidine. HCl. H2O 0.042 
L-Isoleucine 0.105 
L-Leucine 0.105 
L-Lysine. HCl 0.146 
L-Methionine 0.03 
L-Phenylalanine 0.066 
L-Serine 0.042 
L-Threonine 0.095 
L-Tryptophan 0.016 
L-Tyrosine. 2Na. 2H2O 0.10379 
L-Valine 0.094 
Vitamins  
Choline Chloride 0.004 
Folic Acid 0.004 
myo-Inositol 0.0072 
Niacinamide 0.004 
D-Pantothenic Acid. ½Ca 0.004 
Pyridoxine. HCl 0.00404 
Riboflavin 0.0004 
Thiamine. HCl 0.004 
Other  
D-Glucose 4.5 
Phenol Red. Na 0.0159 
Pyruvic Acid. Na 0.11 
Table (1): The formulation of the growth medium (DMEM) used to grow all cells in all experiments carried out in this 
current study. 
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 Concentration of the element (ppb) in 1m cells 
Element At 21% O2 (control conditions) At 5% O2 At 35% O2 
Zn 57.2 +/- 3.6 57.4 +/- 2.7 66.4 +/- 1.5 
Cu 2.4 +/- 0.1 2.4 +/- 0.3 3.2 +/- 0.4 
Fe 14.3 +/- 0.5 14.5 +/- 0.2 15.7 +/- 1.2 
Mn 1.2 +/- 0.07 1.2 +/- 0.2 1.4 +/- 0.1 
Table (2): Shows how the concentration of the four elements of interest was affected when cells 
were exposed to 5% and 35% O2 in the test experiment, mean +/- SD of 3 replicate measurements. 
 
Figure (1): Calibration curve of Zn used to measure its concentration in all samples of 1A experiments and in C 
experiment. 
 
Figure (2): Calibration curve of Zn used to measure its concentration in all samples of 1B and 2A experiments. 
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Figure (3): Calibration curve of Zn used to measure its concentration in all samples of 2B experiments. 
 
Figure (4): Calibration curve of Cu used to measure its concentration in all samples of (1A) and (C) experiments.  
 
Figure (5): Calibration curve of Cu used to measure its concentration in all samples of (1B) and (2A) experiments. 
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Figure (6): Calibration curve of Cu used to measure its concentration in all samples of (2B) experiments. 
 
Figure (7): Calibration curve of Fe used to measure its concentration in all samples of 1A experiment and C experiment. 
 
Figure (8): Calibration curve of Fe used to measure its concentration in all samples of 1B experiment and 2A experiment. 
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Figure (9): Calibration curve of Fe used to measure its concentration in all samples of 2B experiment. 
 
Figure (10): Calibration curve of Mn used to measure its concentration in all samples of 1A experiment and in the 
comparison experiments between 1m and 2m cells’ samples (C experiment). 
 
Figure (11): Calibration curve of Mn used to measure its concentration in all samples of 1B and 2A experiments. 
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Figure (12): Calibration curve of Mn used to measure its concentration in all samples of 2B experiment. 
9.2 Appendix B 
(a)  (b)  
(c)  (d)  
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(e)  (f)  
Figure (13): Shows how the background in the glass slides was decreased by coating them with a nail polish in (a) Cu (c) 
Fe (e) Mn, and compare them with signals obtained from 25 control cells using the same laser energy of 60% output and 
25 µm spot size in (b) Cu (d) Fe (f) Mn. (y axis is intensity (cps) and x axis is time/s for all figures).  
(a)  (b)  
(c)  (d)  
227 
 
(e)  (f)  
Figure (14): (a, c and e) show the low background of Zn, Fe and Mn, respectively, in the quartz slide. (b, d and f) show Zn, 
Fe and Mn, respectively, in 25 control cells in the same slide by using the same operating conditions. (y axis is intensity 
(cps) and x axis is time/s for all figures). 
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Example of area under peaks' calculation 
  Zn/1% O2/ ablation of 4 individual control cells  
 Integration time (0.053) 
   
      
Time Peaks/CPS 
CPS*0.053 
(true 
counts) 
Peaks 
above 
threshold 
(300) 
SUM of 
peaks 
above 
threshold 
Area 
under 
peaks 
0.905 882.30 46.76       
0.958 11112.70 588.97 588.97 3194.58 3194.58 
1.012 6117.30 324.22 324.22 2605.61   
1.065 23256.30 1232.58 1232.58 2281.39   
1.118 4673.00 247.67       
1.171 2165.60 114.78       
1.224 19788.80 1048.81 1048.81 1048.81   
1.277 501.00 26.55       
First peak 
4.730 5395.50 285.96       
4.783 24972.20 1323.53 1323.53 2058.07 2058.07 
4.836 6959.70 368.86 368.86 734.54   
4.889 6899.60 365.68 365.68 365.68   
4.942 3208.50 170.05       
Second peak 
8.395 1363.60 72.27       
8.448 14543.80 770.82 770.82 2478.58 2478.58 
8.501 23958.20 1269.78 1269.78 1707.76   
8.554 8263.60 437.97 437.97 437.97   
8.607 5054.20 267.87       
Third peak 
12.113 400.80 21.24       
12.166 13201.20 699.66 699.66 2733.54 2733.54 
12.219 24676.30 1307.84 1307.84 2033.88   
12.272 7862.40 416.71 416.71 726.03   
12.325 5836.30 309.32 309.32 309.32   
12.379 2005.30 106.28       
Fourth peak 
 
229 
 
 
Figure 15: Shows true counts of Zn in 25 control cells, the red line is the threshold at 300. 
